Stress-Strain and Strength Properties of Marine Sediments from the North Pacfic by Akers, Stephen A.
University of Rhode Island 
DigitalCommons@URI 
Open Access Master's Theses 
1980 
Stress-Strain and Strength Properties of Marine Sediments from 
the North Pacfic 
Stephen A. Akers 
University of Rhode Island 
Follow this and additional works at: https://digitalcommons.uri.edu/theses 
Recommended Citation 
Akers, Stephen A., "Stress-Strain and Strength Properties of Marine Sediments from the North Pacfic" 
(1980). Open Access Master's Theses. Paper 1002. 
https://digitalcommons.uri.edu/theses/1002 
This Thesis is brought to you for free and open access by DigitalCommons@URI. It has been accepted for inclusion 
in Open Access Master's Theses by an authorized administrator of DigitalCommons@URI. For more information, 
please contact digitalcommons@etal.uri.edu. 
STRESS-STRAIN AND STRENGTH PROPERTIES OF MARINE 
SEDIMENTS FROM THE NORTH PACIFIC 
BY 
STEPHEN A. AKERS 
A THESIS SUBMITTED IN PARTIAL FULFILLMENT OF THE 
\ REQUIREMENTS FOR THE DEGREE OF 
MASTER OF SCIENCE 
IN 
OCEAN ENGINEERING 
UNIVERSITY OF RHODE ISLAND 
1980 
\ 
Approved: 
MASTER OF SCIENCE THESIS 
OF 
STEPHEN A. AKERS 
Thesis Committee 
Major Professor 
UNIVERSITY OF RHODE ISLAND 
1980 
School 
ABSTRACT 
The objective of this investigation.was to study the 
strength and stress-strain properties of "undisturbed" and 
reconstituted-reconsolidated (remolded) samples of two 
Pacific (MPG-1) deep-sea sediments; illite and smectite. 
Isotropically consolidated undrained (CIU) triaxial tests 
were conducted on eleven series of samples, from which the 
basic soil parameters of effective cohesion (c) and ef-
fective angle of friction (¢) were determined. 
'An undisturbed smectite series (LL-44 GPC-3 1800 cm) 
had a friction angle of 35.5° and two undisturbed illite 
series (MA-02 GC-04 100 and 200 cm) had friction angles of 
33 . 0° and 34.8°. Friction angles for the smectite sedi-
ments were apparently not significantly affected by the 
type of remolding-reconsolidation process used in the test 
program, while illite samples exhibited a 30% reduction in 
friction angle due to remolding. Compared under the same 
conditions, undisturbed samples had greater drained and un-
drained strengths than the remolded samples, and smectite 
samples had greater drained and undrained strengths than 
the illite samples . 
Using a hyperbolic stress-strain theory, the tangent 
Young's moduli and hyperbolic deviator stresses were de-
termined for the samples . With the exclusion of samples 
which exhibited strain softening behavior, there was an ex-
cellent correlation between the experimental and hyperbolic 
ii. 
values. 
A new lateral strain gauge was built to measure lat-
eral deformations of the samples during uniaxial compres-
sion. From these measurements, values of Poisson's ratio 
were calculated assuming a parabolic deformational shape. 
For a majority of samples, the standard area correction 
underestimated the true area of the samples . 
\ 
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1.1 Program Objectives 
CHAPTER 1 
INTRODUCTION 
The work presented in this report is part of theSub-
seabed Disposal Program (SDP) sponsored by the Department 
of Energy (DOE) through Sandia National Laboratories (SNL). 
The primary objective of this program (Anderson, 1979a), is 
to assess the technical, environmental, and engineering 
feasibility of disposing processed high level radioactive 
waste,in geologic formations under the world's oceans. 
The containment concept relies on the use of multiple bar-
riers between the radioactive waste material and the bio-
sphere. Man-made barriers utilized in this scheme include 
the waste form itself which would be solidified in a 
ceramic-like material and the canister used for contain-
ment and emplacement. The natural barriers include the 
sediments, the basement rock, the benthic boundary l ayer 
and the water column. 
1.2 Site Selection 
The desired geologic formation would provide a medium 
of containment which would isolate the waste for a suffi-
cient period of time such that the decay rate of waste 
constituents is higher than the rate of nuclide migration 
through the containment medium. The primary site locations 
beneath the oceans have been characterized as mid-p late/ 
mid-gyre (MPG) regions. A mid-plate location would isolate 
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the wastes from the edges of the tectonic plate, where 
seismic and volcanic activity is predominant. A mid-gyre 
location would place the wastes near the center of a cir-
cular water mass, this area having low biological activity. 
The criteria for the selection of generic study sites 
are summarized below (from report, Seabed Disposal Program, 
Anderson, 1979b) : 
1) Tectonic stability: low volcanic and earthquake 
potential and no apparent faulting. The site should ex-
hibit slow, continuous depositional processes. 
\ 
2) Climatic stability: the site should be unrespon-
sive to changes in climate such as ice ages. 
3) Absence of resources: low biological activity 
(past and present) with no mineral resources of use to man. 
4) Remoteness to Man: the site should be inacces-
sible to man and thus provide high security for the waste 
material. 
5) Predictability: the ability to anticipate changes 
in properties with time. 
These criteria place a tight restriction on the ac-
ceptable sites for the Seabed Program. The first criteria 
limits sites to the center of tectonic plates where seis-
rnic activity is minimal. Most of these sites also exhibit 
slow continuous deposition unaffected by climatic condi-
tions. The third and fourth restrictions eliminate the 
continental shelves and slopes because of biologic re-
sources, possible hydrocarbon content and man's ability to 
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work in these depths. The crustal rock beneath ocean 
basins have been tentatively eliminated from consideration 
because studies indicate considerable fracturing with wa-
ter flow. Therefore attention is focussed on the sediment 
deposits. Predictability includes the ability to extra-
polate the chemical and physical properties of the sedi-
ments in the horizontal and vertical direction from a few 
selective cores and measurements. The deep ocean basins 
being the least active in terms of biological and physical 
activity, represent the most predictable areas on earth. 
' Areas such as the continental slopes where massive mud 
slides and turbidity currents occur, would be eliminated by 
the criteria of predictability. 
1.3 Sediment Selection 
The sediments, because of certain inherent properties, 
have been judged to be the primary barrier to radionuclide 
migration, with the waste form, canister, benthic boundary 
layer, and the water column acting as secondary barriers in 
the containment system. The sediment medium must possess 
the necessary properties to contain the waste for the 
specified per iod of time without being adversely effected 
by canister emplacement, high temperatures of the waste, 
and possible leaching of waste material after canister 
corrosion. 
The most desirable characteristics of a sediment me-
dium (Hollister, 1978) would include: 
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1) Low permeability and high Kd' where Kd is the 
fractionation coefficient, a measure of the ion exchange 
capacity (Heath, et. al., 1978). 
2) Plastic properties, the ability of the sediments 
to close the projectile cavity after penetration. 
3) Non-convective (or at least predictable) b e havior 
under the likely thermal conditions. 
4) Low organic matter, well oxidized. 
These sediment criteria exclude certain sediment 
types and narrows down the areas where acceptable sedi-
' ments can be found. The exclusions include (Hollister, 
1978): 
1) Coarse grained deposits such as proximal portions 
of the abyssal plains, all fracture zones and ponded tur-
bidite sands. Also eliminated are all submarine canyons, 
continental shelves, shallow exposed mid-ocean ridges less 
than 2000 meters deep and the landward two-thirds of all 
abyssal plains. 
2) Deposits of high organic carbon content. 
3) Deposits exhibiting variable or high thermal con-
ductivity. 
4) Sediments less than 50 meters thick. 
The primary marine sediments being considered are 
soft, fine-grained, plastic sediments, composed primarily 
of inorganic clay which has high adsorption and permeabil-
ity characteristics capable of chemically and physically 
containing the waste for the necessary time periods . 
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To a large extent, the abyssal hills have the charac-
teristics necessary to be of primary interest in the Sub-
seabed Disposal Program (Anderson, 1979b) . These regimes 
exhibit low tectonic activity due to their distance from 
the plate edges and the characteristics discussed earlier 
are typical of abyssal hill areas of the world's oceans. 
The predominant sediment type is the red clay, which ap-
pears to be suitable for waste containment. 
1.4 Hole Closure Program 
fart of the work at the University of Rhode Island 
Marine Geomechanics Laboratory (URI/MGL) has involved the 
study of geotechnical properties of marine sediments from 
possible MPG disposal sites. Physical property data for 
several types of sediment is being compiled into an exten-
sive data base. This data base supports several project 
groups within the Program. One project group is investi-
gating methods of waste emplacement into the seabed and the 
effect of techniques on sediment response. Several pos-
sible emplacement concepts are being considered, ranging 
from, a free-fall penetrometer, a winch controlled emplace-
ment, to drilled-hole emplacement. A testing program was 
initiated to determine the sediment response for the free-
fall and slow penetration methods. 
Small scale projectile penetration experiments (re-
ferred to in this report as Hole Closure Experiments) were 
undertaken to scope out the problems and provide qualati-
tive and quantitative information for the computer model 
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penetration studies. The studies include the dynamic re-
sponse of the sediment to projectile intrusion (loading) 
and behavior in the vicinity of the projectile cavity sub-
sequent to quasi-static penetration. The Hole Closure 
Program has been described in detail in the URI/MGL Annual 
Progress Report No. 4 (Silva and Calnan, 1978). Static 
and dynamic projectile penetration tests were conducted on 
remolded samples of illite and smectite. Sediment tanks 
(see Section 2.8) were instrumented to record shock waves, 
pore pressures, and sediment acceleration and displacement 
' during projectile emplacement. The projectiles were in-
strumented with accelerometers during the dynamic tests or 
load cells during static penetration tests. Cavity clo-
sure was also measured after static emplacement tests. 
After the completion of penetration tests in each tank, 
triaxial and consolidation samples were taken from there-
consolidated (see Section 2.8) sediment. Hereafter, the 
term remolded will be used to identify the samples taken 
from the Hole Closure Experiment tanks. The term undis-
turbed will be used to identify the samples which simulate 
as close as possible the behavior and properties of in-situ 
sediments. These samples have been taken from the various 
cores discussed in Section 2.4, 2.5, and 2.6. 
1.5 Related Subseabed Programs 
Due to the extremely slow natural processes occuring 
in the potential repository sites and the nature of the 
processes occuring after canister emplacement, these 
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processes will be simulated by computer models and extra-
polated to long periods of time. Short term in-situ and 
laboratory experiments, such as the Hole Closure Experi-
ment, are being conducted to validate the predictive models 
and to acquire new information for inclusion in the models. 
several computer models have been adapted and modified 
by personnel at Sandia Labs. Two models currently being 
used in the penetration studies, are the HONDO and TOODY 
codes. The HONDO code (Key, 1974) is a finite element 
model designed to compute the time-dependent displacements, 
\ 
velocities, accelerations, and stresses within elastic or 
inelastic, two dimensional or axisymmetri:c bodies of ar-
bitrary shapes and materials. 
The TOODY code (Chavez, et. al., 1979) is a two di-
rnensional, explicit, finite difference code with large 
strain capabilities. The material parameters which must be 
entered into the codes include: Young's Modulus, Poisson's 
Ratio, a yield strength, and a hardening modulus. These 
parameters will be supplied by URI/MGL from the stress-
strain-time test program. Other codes are under develop-
rnent. 
The Waterways Experiment Station (Corps of Engineers, 
Vicksburg, Miss.) will conduct dynamic one dimensional com-
pression and triaxial tests on samples of illite and smec-
tite. WES is also working with Sandia Labs to develop 
constitutive equations for some of the modeling work. 
The In-situ Heat Transfer Experiment (ISHTE) is a 
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joint program involving personnel at URI/MGL, SNL, and 
the univ. of Washington, Applied Physics Laboratory. In 
this experiment, an instrument package will be placed on 
the sediment surface for one year to monitor heat flow data 
from a simulated waste canister imbedded in the sediment. 
cores will be taken at the site to establish the effect of 
high temperatures on sediment properties. 
Another related activity in the SDP is the Long Cor-
ing Facility (LCF) Program. The goal of this project is to 
develop a corer to obtain a continuous fifty meter undis-
\ 
turbed sample of marine sediment in the deep sea. Know-
ledge of sediment properties and behavior is essential to 
the penetration analysis and core design. 
One of the activities at URI/MGL is the study of 
stress-strain-time behavior of undisturbed and remolded 
samples of fine grained sediments. This study has been 
further broken down into short (quasi-static) and long 
term (creep) stress-strain behavior. The stress-strain-
time data will be used primarily in four areas of study: 
computer modeling of the Hole Closure Experiment, modeling 
of the Long Coring Facility Program, modeling of thecanis-
ter migration, and in design of the ISHTE experiment. In 
the first phase of creep testing, drained, constant stress, 
creep tests are being run at three different percentage 
values of the failure deviator stress, as determined inthe 
quasi-static triaxial program. The second phase of test-
ing, will be conducted under conditions of high tempera-
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ture and pressure (up to 200° C and 70.3 kg/cm2). The 
data generated in these tests is being used to model the 
projectile cavity closure and possible canister migration 
during the heating and cooling cycle. 
1.6 URI/MGL Quasi-static Triaxial Program and Objectives 
The principal goal of the URI/MGL program is to pro-
vide insight into material properties and behavior of ma-
rine sediments. This data can then be applied to several 
special problems being studied by the Subseabed Disposal 
Program. The obiective of this investigation was to study 
\ 
the stress-strain properties of remolded and undisturbed 
samples of marine sediments (see Section 2). For this 
test program, a total of 37 CIU (consolidated isotropically 
undrained) triaxial tests were performed on both undis-
turbed and remolded samples of North Pacific illite and 
smectite. The goals of the testing program were to: 
1) Provide Mohr-Coulomb parameters for two deep-sea 
sedimentary materials, illite and smectite. 
2) Compare the properties of undisturbed and re-
molded samples. 
3) Compare the properties of illite and smectite. 
4) Compare the properties of remolded samples taken 
in vertical and horizontal orientations. 
5) Determine values of Young's modulus (E) for the 
two materials using a hyperbolic stress-strain model. 
6) Measure lateral strain and determine values of 
Poisson's ratio for the sediments. 
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To accomplish these goals, a testing schedule was 
planned to derive the maximum information from the least 
number of samples since the number of undisturbed samples 
was very limited. Figure 1.1 is a flow-chart of the test-
ing schedule detailing the paths of comparison between the 
samples. The primary comparison in the test schedule is 
between the remolded (reconstituted-reconsolidated) andun-
disturbed samples. 
To differentiate between properties of illite and 
smectite, three remolded sample series of each material 
\ 
were tested and compared to the undisturbed core samples 
from MARA-02 (illite), VEMA-32 (illite) and LL-44 (smec-
tite) (see Figure 1.1). Also, two remolded sample series, 
in vertical and horizontal orientations, were tested for 
each material to determine the degree of sample anisotropy. 
Lateral strains were measured on most of the samples 
at mid-height, using a specially designed version of the 
"Karl Schuler'' disk-ring gauge (Schuler, 1978). From 
these measurements, values of Poisson's ratio were calcu-
lated assuming a deformational shape (see Section 4.5). 
Values of initial and tangent Young's modulus deter-
mined using a hyperbolic stress-strain theory have also 
been reported. A detailed presentation of the hyperbolic 
theory appears in Section 5. 
From the analysis of the test data, an attempt has 
bee~ made to produce a qualitative and quantitative de-
scription of the stress-strain properties of the sediment-
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arY material. An attempt has been made to ascertain 
whether or not remolded sediment properties can be used to 
predict or model the behavior of undisturbed marine sedi-
ments. Using Mohr-Coulomb theory and effective stress 
principles the basic soil parameters of effective cohesion 
(c) and effective angle of friction (¢) have been deter-
mined. Hyperbolic stress-strain parameters based on Mohr-
coulomb theory have also been used to model the stress-
strain behavior of the sediments. As part of the analysis, 
the elastic parameters, Young's Modulus and Poisson's Ratio 
' have been determined from experimental data and used in the 
comparison of remolded and undisturbed samples. 
TRIAXIAL TESTING PROGRAM 
VEMA-32 PC-115 
206-216 cm. 
219-229 
232-242 
483-493 cm. 
499-509 
523-533 
Undisturbed 
Samples 
LL-44 GPC-3 
1845-1857 cm. 
1859-1868 
1873-1883 
Reconsoli-
dated 
Samples 
MARA-02 GC-04 
76-84 cm 
86-94 
95-105 
105-115 
203-214 cm. 
216-224 
228-235 
238-245 
.'.\ 
Pacific Pacific \ 
Illite Smectite } 
Figure 1.1 Triaxial Testing Program 
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CHAPTER 2 
SAMPLING AND TESTING PROGRAM 
1 Introduction 2. 
The undisturbed samples used in this testing program 
were from cores taken in MPG-1, a site in the middle of 
the central North Pacific approximately 600 miles north of 
Hawaii. Background information on the MPG-1 study site 
and core data are presented in this Chapter. Also in-
cluded is a description of the Hole Closure Experiment 
testipg procedures. 
2.2 Study Site MPG-1, North Central Pacific 
The MPG-1 study site encompassing an area of approxi-
mately 40,000 square kilometers is shown in Figure 2.1. 
This site has been selected as a reference system for 
study purposes (Anderson, 1979a). Although the site pos-
sesses most of the required characteristics discussed in 
Section 1.2 and 1.3, the sediment thickness in MPG-1 is 
considered too thin to be used as an actual disposal site. 
The region has low abyssal hills averaging a few hundred 
meters in relief (Hollister, 1978), with sediment thick-
nesses of 20-50 meters (see Figure 2.2) and water depths 
greater than 5000 meters. The sedimentation rates are 
very low, 2.5 mm/1000 yrs. for the last two million years 
and approximately 0.2-0.3 mm/1000 yrs. from 5-65 million 
years ago (Doyle and Riedel, 1979). The near-bottom cur-
rents have low velocities (1-3 cm/sec mean flow) and the 
14. 
gradients of temperature and salinity are small (Hollister, 
1978). 
3 Undisturbed Samples 2. 
All the undisturbed triaxial samples were taken from 
cores using a URI/MGL designed undisturbed sampling de-
vice. A stainless steel sampling tube is placed onto a 
fixed piston which is positioned at the surface of the 
sediment (usually against a freshly trimmed section, per-
pendicular to the core axis) . The tube is than pushed 
into \he core with one continuous motion using a lever sys-
tem. This method provides for excellent sample quality 
and has been designed to accommodate sample diameters of 
3.57, 5.08 and 6.35 centimeters. After the sampling ring 
has been pushed into the core, it is carefully cut out, 
capped, labeled, and sealed with wax. The undisturbed 
samples are stored in seawater at 4 degrees centigrade un-
til tested in the lab. Geotechnical tests performed di-
rectly on the core include vane shear and acoustic velo-
cimety. Other sampling includes water content-bulk dens-
ity samples and bulk samples for classification, grain 
size, and specific gravity. 
2.4 LONG LINES-44 Cruise 
The AT & T cable laying ship C.S. LONG LINES was 
specially outfitted for handling the Giant Piston Coring 
(GPC) system and a coring expedition was held in October, 
1976. During the cruise, a core (GPC-3) of 24.4 meters 
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length (undisturbed) was obtained. The device used to ob-
tain the 24.4 meters of undisturbed sediment was a Giant 
piston Corer (Silva and Hollister, 1973; Silva, et. al., 
1976; Silva and Hollister, 1979). The large core diameter 
of 11.4 cm provides a high quality sediment sample with 
little or no shear deformation along the walls. Since 
there is no liner, the sediment is extruded onboard ship 
and processed. This procedure greatly reduces disturbance 
to the sediment which normally occurs during handling and 
shipping. 
' 
Extensive processing of GPC-3 was performed on 
ship including undisturbed sampling, vane shear, velocime-
try measurements and many other measurements for other 
scientific studies. Figure 2.3 gives the location of 
GPC-3 and other cores taken in MPG-1. 
The p~of ile of water content (corrected for 35 ppt 
salt content) versus depth in GPC-3 is shown in Figure 2.4. 
The water content in the upper 6 meters is nearly constant 
(110%) with no major fluctuations, this depth being com-
posed primarily of illite rich sediments. A dramatic in-
crease in water content between 6 and 9 meters depth (to a 
value of 180% at 9 meters) corresponds to a change from 
illite to smectite-rich sediments. Between 9 and 15 me-
ters, there is a gradual increase in water content with 
depth (to a maximum of 254%) but with a greater number of 
fluctuations than in the upper core. This variability is 
attributed to the presence of ash layers (see Figure 2.5). 
Below 15 meters, a gradual decrease in water content . is 
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observed with a value of 160% at 24.4 meters. In this 
deeper section of core, extreme changes in water content 
take place over small changes in depth (e.g. at 20.0 to 
2o.5 meters, a drop of approximately 100%). The sediment 
below 24.4 meters to the bottom of the core was flow-in 
(which is sediment that is sucked into the bottom of the 
core when the piston is retracted up to the core weight 
stand during pullout). 
The plot of undrained strength (vane shear strength) 
versus depth in core (Figure 2.4) shows a general increase 
\ 
in strength with depth. Vane shear measurements were made 
with a Wykeham-Farrance motorized miniature vane with a 
vane size of 1.27 x 1.27 centimeters, rotated at 24 de-
grees per minute. Variations at approximately 11 meters 
can be attributed to the volcanic ash layers at that 
depth, while extreme variations in strength between 22 
meters and the bottom of the undisturbed sediment can be 
attributed to layering in that depth range. Section 6.4 
presents two methods developed to predict undrained 
strength versus depth in GPC-3. The results are the n com-
pared to the measured vane strengths. 
From the visual description in Figure 2.5, it can be 
observed that GPC-3 contained altered ash layers, one at 
10 meters having a hard manganese coating (Hollister, 
1978). This layer correlated well with an acoustic re-
fleeter observed in the 3.5 kHz records. The sediments at 
the bottom of the undisturbed core were found to be 65 
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million years old as dated by fish debris (Doyle and Rie-
del, 1979). 
5 vEMA-32 Cruise 2. 
During August of 1975, the R/V VEMA took several pis-
ton cores in the MPG-1 study site. The cores were stan-
dard piston cores having an inside diameter of 6.4 cm, 
which results in a more disturbed sediment core than the 
larger diameter Giant Piston Core. Only PC-115 was sam-
pled for undisturbed triaxial and consolidation samples 
and 11f> vane shear measurements were obtained. 
As indicated in Figure 2.6, the water content profile 
for PC-115 is very similar to the upper 10 meters of LL-44 
GPC-3. The water content is approximately constant at 
110% to a depth of 5 meters. Below this depth, there is 
an increase in water content to a value of 234% at 9.7 
meters. The same changes in mineralogy are evident in 
this core, with the upper few meters being illite followed 
by a transition from illite to smectite-rich sediments. 
2.6 MARA-02 Cruise 
Five (5) gravity cores were obtained during a cruise 
in August of 1978 on the R/V WASHINGTON. Three (3) meter 
lengths of PVC pipe (inside diameter of 10.2 cm) were used 
as core barrels. This allows the sediment to be stored 
and if necessary transported in the pipe, thus eliminating 
the need for immediate extrusion and processing of the 
cores. These cores were cut in half, sealed, carefully 
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crated as to minimize disturbance, and shipped to URI for 
processing. When opened, the cores appeared in good con-
dition with no apparent free standing water. As with pre-
viously described piston cores, the general suite of geo-
technical tests were performed on all cores. 
Undisturbed triaxial samples used in this testing 
program were taken from MA-02, GC-04. Figure 2.7 is a 
plot of water content and vane shear strength versus depth 
in the core. Figure 2.8 is a plot of water content versus 
depth of the upper few meters for the three cores used in 
' this study. The three cores exhibit nearly identical 
water contents within this zone. The gravity core did not 
penetrate the transition zone observed in the piston cores 
and therefore consists entirely of illite sediments. Two 
distinct anomolies are observed in the shear strength plot 
of this core (MA-02 GC-04), one at 105 centimeters and the 
second at 160 centimeters (Figure 2.7). The water content, 
grain size and Atterberg limit data in the depth range of 
95-105 ems is similar to the upper and lower core data. 
The specific gravity increases dramatically to 2.97 as 
compared to approximately 2.7 above and below this depth. 
The lower shear strength is thus a result of the higher 
void ratio in this layer (95-105 cm). A change in both 
the water content and shear strength is observed at 160 cm. 
The core in this depth range was visually homogeneous with 
similar values of physical property data (grain size, At-
terberg limit and specific gravity) as the upper and lower 
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core. The increase in shear strength is the result of 
the decrease in water content at this depth. 
2.7 Comparisons of MPG-1 Cores 
sediment thickness in the MPG-1 study site varies be-
tween 20 and 50 meters in depth. Two sub-bottom acoustic 
reflectors are observed in the 3.5 kHz records which were 
found to correlate with the volcanic ash layers at 10 and 
20 meters in GPC-3 (Hollister, 1978). The top 4-5 meters 
of sediment is predominantly illite, a common clay mineral 
haviny a structure similar to that of muscovite mica but 
with less potassium (Mitchell, 1976). Illite has a moder-
ate potential for absorbing ions (Heath, 1978), less in 
comparison to smectite due to the non-exchangable potas-
sium ions which balance the charge deficiency (Mitchell, 
1976). In addition to illite, the following minerals were 
found between 0 and 10 meters, quartz, smectite, chlorite, 
cristobalite, kaolinite, feldspar, and mica (Hollister, 
1978). 
Sediments between 10 and 24.4 meters are predominantly 
iron-rich smectite (Heath, 1978). Smectite clays are 
characterized as being plate shaped, extremely fined 
grained, very plastic, with high potential for sorbing ions 
(Heath, 1978). Mitchell (1976) reports that smectite min-
erals exhibit high cation exchange capacity due to the 
large amount of unbalanced substitution within the lattice. 
Other minerals found between 10 and 24.4 meters include 
smectite, phillipsite, feldspar, clinoplilotite, and small 
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amounts of quartz (Hollister, 1978). 
The change from smectite to illite occurred due to 
the movement of the MPG-1 region through two different 
types of sedimentation regimes (Hollister, 1978). From the 
several piston cores taken in the MPG-1 study area, the 
sedimentation rate for the last 30 to 40 million years was 
found to be constant, despite traumatic climate changes, 
such as the ice age (Anderson, 1979b). This finding has 
been substantiated by several dating techniques. 
Lateral coherency, based on geotechnical data alone, 
\ 
can be observed in all the cores (e.g. see Figure 2.8). It 
should be noted that there is a consistent relationship be-
tween sediment type, water content and liquid limit. For 
the illite rich sediments, the liquid limit is always less 
than the natural water content. For the transitional ma-
terial the liquid limits are approximately equal to the 
natural water content, while the liquid limits for the 
srnectite are always greater than the natural water content 
(see Figures 2.4, 2.6, and 2.7). At the lower depths, the 
srnectite layer has undergone consolidation due to the 
overburden, resulting in decreasing water contents with 
depth below approximately 15 meters. 
2.8 Hole Closure Program 
As part of the LL-44 cruise, a dredge was lowered to 
the bottom to obtain large volumes . (one-third cubic meter) 
of illite material, which was placed in 55 gallon drums 
and transported to URI. The sediment was sieved to remove 
21. 
all particles larger than a #20 sieve, since there were 
large numbers of manganese nodules present in the surf ace 
sediments. The illite material was used in the Hole Clos-
ure Program discussed earlier in this report. 
A somewhat smaller volume of smectite material was 
obtained when the core tripping mechanism of GPC-2 failed 
and resulted in the core being filled with flow-inmaterial 
of essentially smectite. This smectite was also used in 
the Hole Closure Program. It should be emphasized that 
these bulk samples were completely remolded at the time of 
\ 
sampling. 
The Hole Closure Program has been described in detail 
in the URI/MGL Annual Progress Report No. 4 (Silva and 
Calnan, 1978) and will only be briefly reviewed here. As 
discussed in Section 1, static and dynamic projectile pe-
netration tests were conducted on remolded samples of il-
lite and smectite. Tanks 45.7 cm in diameter were used to 
consolidate the remolded material to simulate predetermined 
in-situ depths. Before the material was placed in the 
tanks, it was homogenized in a large clay mixer at a water 
content high enough to provide a workable consistency. 
After reconstitution, the material was placed in the tanks 
in a manner which minimized air entrapment within the 
sediment. As the penetration tests were completed, tri-
axial and consolidation samples were taken at various lev-
els within each tank . Vane shear and water content tests 
were also conducted as part of the analysis. 
9 Data Presentation 2. 
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Each sample series is identified by either the cruise 
number, core number, and depth (e.g. LL-44 GPC-3 1800 cm) 
or by the type of material, simulated depth in meters and 
orientation (e.g. PS-9 Vert.), which identifies the sample 
as a Pacific smectite with a 9 meter simulated depth and 
vertical orientation. Each series is represented by three 
or four samples tested at different consolidation stresses 
(a), such that the shear strength envelope for that series 
c 
can be determined. For most test series, one or two sam-
' 'd ples were consol1 ated to stresses less than the precon-
solidation stress, resulting in an overconsolidated sam-
ple. Data presentation will be explained further in Sec-
tion 6. 
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VISUAL DESCRIPTION 
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CHAPTER 3 
TRIAXIAL EQUIPMENT AND PROCEDURES 
3.1 Basic Procedures 
The basic procedures used in this testing program were 
very similar to those proposed by Bishop and Henkel (1962). 
A few changes have been made due to technological improve-
ments in equipment and instrumentation, such as the re-
placement of dial gauges with DCDT's and pressure gauges 
with pressure transducers. To conduct a CIU triaxial test, 
the sam~le must first be prepared, secondly it is consoli-
dated and back pressured under a predetermined hydrostatic 
confining stress and finally tested under the desired 
loading rate. 
To aid in subsequent triaxial testing using URI/MGL 
equipment, a user's manual has been prepared and is pre-
sented in Ap pendix A. This manual gives detailed descrip-
tions on all test procedures as well as instructions in us-
ing the HP data acquisition system to monitor and output 
test data. The programs used with the HP system are also 
presented in Appendix A. A brief summary of the equipment 
and procedures is presented in this chapter. 
3.2 Equipment 
An air pressure system was substituted for the usual 
mercury pot system to obtain the necessary confining and 
back pressures. The maximum pressures are limited to ap-
proximately 6.3 kg/cm2 (90 psi) due to the compressor sys-
32. 
The air is controlled by two sensitive Anteus back tem. 
pressure regulators (range: 0 t o 17 . 6 kg/cm2) in each of 
three pressure cabinets. Figure 3.1 is a schematic of the 
pressure system indicating the position and function of 
each valve and fitting. The left regulator (5 on Figure 
J.l) controls the consolidation or confining stress while 
the right regulator (6 on Figure 3.1) controls the pres-
sure applied directly to the sample. In the back pressure 
mode, an increase in pressure from the back pressure regu-
lator will result in an equal increase in pressure in the 
cell ;ressure lines. Confining pressures less than 0.14 
kg/cm2 may be generated with a head differential between 
two reservoirs, using the back pressure regulator to con-
trol both sides of the system to avoid fluctuations in 
confining stress. 
The triaxial cells employed in the test program are 
manufactured by Wykeham-Farrance (see Figure 3.3). The 
piston seal relies on the fine machine fit between the 
piston and housing to prevent extreme leakage of cell 
fluid. A manifold (see Figure 3.2) has been provided to 
the cell to increase the possible variations of drainage 
and pressure application ports. All lines attached to the 
cell and used in the pressure cabinet are either stainless 
steel or nylon tubing. 
Pore pressures were measured using strain gauge type 
pressure transducers. The particular gauge selected for 
use in a test was dependent upon the consolidation pres-
33. 
sure applied to the sample and the working range of the 
transducer. For all tests with consolidation pressures 
less than 0.14 kg/cm2 , a 0.21 kg/cm2 differential trans-
ducer was selected. For confining stresses greater than 
0.42 kg/cm2 an absolute transducer was selected, while in-
termediate stresses required either an absolute or differ-
ential transducer. 
Displacements of the proving ring and displacements of 
the cell relative to the proving ring were made using HP 
DCDT's. These transducers are similar to LVDT's, but do 
\ 
not require signal conditioning instrumentation. 
3.3 Sample Set-up and Test Procedures 
For setting the sample up in the cell, a Geonor sam-
ple stand was adapted to the Wykeham-Farrance cells to 
minimize sample disturbance. This stand provides a secure 
platform from which the rubber membranes and o-rings maybe 
applied to the sample. Water content specimens were 
trimmed from both ends of the sample and compared to the 
water content data in the core profile. If possible, all 
samples were trimmed to a length of three inches, provid-
ing a length to diameter ratio of two to one. The sample 
weight was also obtained to determine the bulk density of 
the sample. 
Quarter inch strips of Whatman's No. 54 filter paper 
were applied to the sides of the sample to accelerate con-
solidation and pore pressure equalization and porous stones 
were used at both ends of the sample. Two rubber membranes 
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with an interlayer of silicone stopcock grease were used 
to isolate the sample from the confining fluid. Three 
o-rings at top and bottom insured an adequate seal of 
membrane to pedestal and top cap. Initially salt water was 
used as a confining fluid to reduce osmotic reactions be-
tween the sample and the cell fluid. However, problems 
encountered with the lateral stain gauges (see Chapter 4) 
necessitated the substitution of silicon oil. 
After the sample set-up procedures were complete d, the 
sample was consolidated isotropically to the desired 
\ 
stress. Volume change versus time measurements were taken 
to determine the time for 90 percent consolidation. After 
consolidation, a back pressure of 2.81 kg/cm2 was applied 
to the sample in increments of 0.70 kg/cm2. If a response 
of 95 percent was not obtained in two minutes an addi-
tional 0.70 kg/cm2 back pressure was applied. Skempton's 
B parameter (Skempton, 1954) is considered equal to unity 
for a 95% response in two minutes. This parameter is an 
indicator of the degree of saturation of the sample, B 
equals unity for a 100 percent saturated sample. 
For the duration of the test program, a deformation 
rate of 0.030 millimeters per minute was selected, result-
ing in 20 percent strain in approximately 8 hours for the 
three inch samples. It should be noted that the strain 
rate is not constant during the initial stages of compres-
sion due to the deformation of the proving ring used to 
measure axial load. As the change in axial load decreases, 
35. 
the strain rate will approach a constant. Measurements 
of vertical deformation, load, pore pressure and lateral 
deformation were recorded and processed with the HP data 
acquisition system. This system was used to calculate 
test results, store data and plot results. 
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Figure 3 . 3 Wykeharn-Farrance Triaxial' ~ell 
CHAPTER 4 
LATERAL STRAIN AND POISSON'S RATIO 
4 .1 Introduction 
There are four general techniques used to measure 
lateral strain as follows: 
1) Volume change: givesanaverage value of lateral 
strain for entire sample. Requires a high conformance 
system, a small pressure vessel, and an accurate method to 
measure change in volume. 
2~ Circumference: measure circumference with a wire 
wrapped around sample. The change in circumference is de-
termined by measuring the displacement of the end of the 
wire. 
3) Localized gauges: strain gauges applied directly 
to sample or sample jacket. Both methods have inherent 
problems and no pre-calibration of the gauges is possible. 
4) Diameter gauges: gauge applied to the sample to 
measure change in sample diameter. Usually some type of 
metal or plastic caliber upon which strain gauges or LVDT's 
have been placed. 
The gauge of Bishop and Henkel (1962) is the first re-
ported sensor used in soils work to monitor lateral strains 
of a sample. This gauge, which used a mercury vernier to 
measure lateral strain, was a manual system requiring 
constant monitoring by a technician. It was primarily 
used to conduct Ko tests, in which the lateral strains were 
kept equal to zero by increasing the cell pressure. 
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Measurements of lateral strain have been made with a 
cantilever beam type sensor. This sensor uses spring steel 
arms as the cantilever beam with adjusting screws which 
contact the sample at the point of lateral strain deter-
mination. The cantilever is supported by a rigid ring, 
usually having a large mass. Strain gauges are placed on 
the cantilever close to the supporting ring. Exactmachin-
ing tolerances are required to get matching deflection to 
output response for each cantilever. The large mass used 
to support the cantilever arms does not allow the gauge to 
\ 
be suspended on the sample. Due to the geometry of the 
gauge itself, only a small linear output range is possible. 
Gauges similar to that of Bishop and Henkel's have 
been used by Menzies (1976) and Brown and Snaith (1974) to 
automatically measure lateral strains of the samples. With 
both gauges, the authors report using a circular caliber 
which surrounds the sample, upon which an LVDT has been 
placed to measure the expansion of the caliber. A band 
type lateral strain gauge has been used by El-Ruwayih 
(1976) and Boyce and Brown (1976) to measure volume changes 
and direct measurements of strain on the sample. These 
gauges consist of metal or acrylic bands which are formed 
into shapes capable of maintaining contact with the sample 
during deformation. Foil strain gauges are placed on the 
bands to measure the strain in the bands and thus the 
strain of the sample. All of these gauges are operated in 
some type of non-conducting oil. The majority have been 
41. 
designed to allow more than one gauge to be placed on the 
sample at a time. 
4 .2 Disk-Ring Gauge 
As part of the experimental program at Sandia Labs, a 
lateral deformation gauge was designed by Karl Schuler 
(1978) for use on rock specimens. The gauge measured the 
change in diameter of rock samples under uniaxial compres-
sion to determine the onset and extent of dilatancy. The 
gauge also served as a control parameter to obtain the en-
tire s~ress-strain curve of the rock sample. 
The required gauge characteristics (Schuler, 1978) 
include: a large linear range, to monitor lateral strains 
as high as 30 percent; a small size so that the pressure 
vessel diameter could be minimized; the ability to measure 
absolute specimen diameters; and a size which would allow 
more than one gauge to monitor one sample diameter. The 
final design sought to exclude the inherent problems of 
strain measurement techniques discussed in Section 4.1. 
The gauge as constructed is illustrated in Figure4.l. 
The gauge consists of a thin metal disk which fits around 
the sample. Two posts diametrically opposite and perpen-
dicular to the disk each have an adjusting screw at equal 
heights above the disk. These adjusting screws contact 
the sides of the sample and as lateral deformation occurs, 
the sensing disk is flexed . Foil strain gauges placed on 
the top and bottom surfaces of the disk, midway between 
the posts, are wired in a full bridge configuration . De-
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formation of the sensing disk produces positive strains 
in the foil strain gauges on the top surf ace of the disk 
and negative strains in the bottom foil gauges, resulting 
in a wide-ranged linear output. 
As explained by Schuler (1978), from the geometry of 
the gauge and the manner of loading, the disk is deformed 
into a cylindrical surface. The deformed shape can then 
be considered as a beam in pure bending and analyzed as 
such. Choosing an optimum adjusting screw length results 
in a final equation for the analysis: 
\ 
0 = 3/4• 
0 = change in sample diameter 
D = original diameter of sample 
0 
c = one-half the disk thickness 
h = height of adjusting screw above 
£D = strain on top surf ace of disk 
( 4-1) 
disk 
By changing the height of the adjusting screws above the 
disk, the sensitivity of the gauge and its linear range 
can be changed. 
Point loads were determined from the pure loading 
theory used to determine the strains. The force exerted 
by the adjusting screw tips on the sample is: 
p = 4/9 wc
3 E ( 4-2) 
D h 2 
0 
where w is 1/2 (OD-ID) and p is the point load. 
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The final design for rock resulted in a gauge with a 
large linear output unaffected by the high confining pres-
sures used in rock mechanics (a pressure of 200 mPa re-
sulted in a 0.5% change in calibration). Also, the design 
allowed two gauges to be positioned on the sample to mea-
sure two diameter changes at the mid-height of the sample. 
4.3 URI/MGL Lateral Strain Gauge 
As outlined in Section 1.6, one of the goals of the 
test program was to determine values of Poisson's ratio for 
the t~ sedimentary materials from lateral deformation 
measurements. It was decided to modify the gauge designed 
by Schuler. A major consideration is working with the 
soft marine sediments was the point loads which would be 
imposed upon the samples by the adjusting screws. In 
preference to other methods, two small metal tabs were 
chosen to distribute the point loads of the adjusting 
screws. A bearing capacity analysis was performed using 
an undrained strength of 25 gm/cm2 , assuming that the mem-
branes and filter strips do not support the metal tab. 
Using the maximum allowable load determined in the bearing 
capacity analysis and Equation 4-2, the factors of C, W, 
and h were varied to produce a gauge with an acceptable 
point load and a workable design. 
In the final design of the URI lateral strain gauge 
(see Figure 4.2) the adjusting screws were positioned 2.54 
centimeters above the disk, the disk itself being 0.64 cm 
(1/4 inches) wide and 0.25 mm (0.010 inches) thick. The 
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metal disk was machined from spring steel stock (Figure 
) The fabrication jig (Figure 4.3) allowed three to 4. 3 • 
four disks to be machined at once. After machining, the 
disks were heat treated to a spring temper and hardened. 
This procedure produced a flat disk and improved the elas-
tic quality of the metal. Four foil strain gauges (BLH 
gauges: FAE-25-50) of equal resistance were epoxied onto 
the disk after proper surface treatment using procedures 
outlined in the Micro-Measurement Catalog (1979). The 
gauges were wired in a full bridge configuration with 
' leads long enough to feed out through the cell pressure 
port of the triaxial cell. The leads were epoxiBd into a 
feedthru connector to seal the cell. 
The gauges were calibrated by separating the points of 
the adjusting screws with a vernier caliber and recording 
the output and displacement. A least squares line was fit 
to the data points to calculate a calibration factor for 
the gauges . The plots of displacement versus output were 
linear for the entire range of predicted sample deforma-
tion. 
In placing the gauge on a sample, the entire sample 
set-up procedure (see Chapter 3) was first completed. The 
metal tabs were epoxied onto the rubber membrane at the 
mid-height of the sample using Eastman 910, a quick set-
ting epoxy. The gauge was positioned on the sample and 
deflected (using the adjusting screws) enough to compen-
sate for predicted changes in volume during consolidation 
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(Figure 4.4). The initial output of the gauge was re-
corded before and after consolidation. During uniaxial 
compression, the output of the gauge was recorded as one 
of the four channels of data (see Appendix A). 
In the initial phase of testing, only one major 
problem was encountered, the inability to protect the 
gauge from the salt water used as a confining fluid. Sev-
eral different types of coatings were tried unsuccessfully. 
Under pressure the water would permeate the coatings. Fi-
nally, a nonconductive silicon oil was used as a cell 
\ 
fluid. No further problems were encountered after switch-
ing to the silicon oil. No problems were encountered with 
the metal tabs punching into the sample, even on the soft 
PI-2 series samples. The distribution of the load by the 
tabs and the support of the membranes is believed to be 
the reason for the succ~ ss of this procedure. 
4.4 Poisson's Ratio 
The analysis method employed in this report assumed 
Poisson's ratio was equal to the ratio of the two princi-
pal strains multiplied by a correction factor to account 
for the deformational shape of the sample. A complete 
presentation of the analysis method appears in Section 
4.5. Alternative methods of determining Poisson's ratio 
and a review of pertinent literature are discussed here. 
For a tr.iaxial compression test with stress incre-
rnents: d 01 > 0, d 02 = d 03 = O, the following elastic 
strains result: 
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ve = ( 1-2 v ) E ( 4-3) 
where E 1e, E 2e and E 3e are the principal elastic strains 
and ve is the elastic volumetric strain. For an undrained 
test (change in volume = O): 
(4-4) 
If the two principal strains are measured, the values of 
Poisson's ratio can be calculated. 
~ measuring volumetric change during a drained tri-
axial test in addition to axial strain, Poisson's ratio 
can be calculated. Defining radial strain as: 
E = 1/2 ( E - E ) 
r vol a ( 4-5) 
where E 1 e quals the volumetric strain and E the axial VO a 
strain, Poisson's ratio is calculated from the formula: 
\i = - E / E r a ( 4-6) 
This method appears to be the most commonly used, having 
been reported in papers by Wong and Duncan (1974), Hardin 
(1978), and Lambe and Whitman (1969). Drained tests per-
formed on a well graded calcareous sand from Libya (Lambe 
and Whitman, 1969) exhibited Poisson's ratios greater than 
0.65. Lambe and Whitman (1969) state, "Poisson's ratio is 
less than 0.5 only during the early stages of such a test". 
Elastic theory and its associated parameters of Young's 
modulus and Poisson's ratio is only applicable in thelin-
4 7. 
ear range of the stress-strain curve. Wong and Duncan 
(l 974) determined Poisson's ratio from drained tests on a 
silty sandy gravel. They found Poisson's ratio to in-
crease with increasing vertical strain and decrease with 
increasing consolidation pressure. Lambe and Whitman 
(1969) also report that values of Poisson's ratio vary 
with axial strain. Krizek (1977) tested eight samples of 
different oriented soil fabric and found Poisson's ratio 
to be strongly strain dependent but apparently independent 
of soil fabric. Kirkpatrick and Belshaw (1968) present 
\ 
data on axial and radial strains measured on sand samples 
using X-ray techniques. In four samples of different 
porosities, Poisson's ratios in excess of 0. 5 were measured. 
Poisson's ratios greater than 0.5 indicate the soil is 
dilatant, i.e. increasing volume during shear. Wong and 
Mitchell (1975) using drained triaxial and plane strain 
tests on sensitive Canadian clay found values of Poisson's 
ratio between 0.1 and 0.15 for the first few readings of 
deviator stress. 
Poisson's ratio can be determined from velocity mea-
surements of rod and shear waves using the formula (Har-
din,1978): 
2 
= 2 (1 +v) ( 4-7) 
According to Hardin (1978), the rod wave and therefore 
Poisson's ratio is dependent upon the coupling between the 
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soil skeleton and the pore water. Poisson's ratios close 
to o.5 in saturated clays indicate coupling between the 
soil particles and the pore fluid and is not the effective 
stress Poisson's ratio for clay. Hamilton (1971) deter-
mines Poisson's ratio from bulk density, compressional 
wave velocity measurements and a qalculated bulk modulus. 
Hamilton found Poisson's ratio to decrease with increasing 
rigidity and increasing density. Typical values of Pois-
son's ratio given by Hamilton (1971) are: sands (all 
grades) 0.470; continental terrace silt, 0.478; deep-sea 
' clay, 0.487. Bishop and Hight (1977) performed a theore-
tical analysis of Poisson's ratio of saturated rocks and 
soils. They found the undrained Young's modulus (Equation 
4-8) and undrained Poisson's ratio (Equation 4-9) to be 
dependent upon Skempton's B parameter and the effective 
stress Poisson's ratio, as shown: 
and 
E = 
u 
v = 
u 
3E 
3-(l-2v)B 
3 +(l-2V)B 
3-(l-2v)B 
(4-8) 
(4-9) 
where E is the effective Young's modulus and v is the ef-
fective Poisson's ratio. If the compressibility of the 
soil skeleton is large in comparison to the compressibil-
ity of the water and the soil solids and if B is approxi-
mately equal to unity then the undrained Poisson's ratio 
is equal to 0.5. Bishop and Hight (1977) state the direct 
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measurement of Poisson's ratio is difficult due to the 
accuracy required in the measurements. 
The parameters of Young's modulus and Poisson's ratio 
are both constants from the theory of generalized Hooke's 
Law, which is based upon the assumption of small strains. 
using the equations of unit strain, assuming conditions of 
triaxial compression and no volume change (incompressible 
material), it can be shown that Poisson's ratio is equal 
to 0.5. However, if a cylindrical sample is deformed with 
no volume change and if all the second order terms are in-
' eluded in the analysis, Poisson's ratio is greater than 
0.5 Calculated values of Poisson's ratio from this an-
alysis are listed below for several axial strains: 
Axial strain Poisson's ratio 
5% 0.52 
10% 0.54 
15% 0.56 
20% 0.59 
This analysis indicates the inaccuracies in small strain 
theory when applied to large strain conditions. It sug-
gests some degree of flexibility is possible when measur-
ing lateral strain and calculating Poisson's ratio. 
4.5 Calculated Poisson's Ratio 
Lateral strains were calculated as the change in di-
ameter divided by the original diameter (diameter after 
consolidation D0 ) . The diameter change, monitored by the 
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lateral strain gauge, was determined at the mid-height of 
the sample. Plots of lateral versus vertical strain are 
presented and discussed in Section 6.6. 
Having measured the principal strains, Poisson's ratio 
was calculated as: 
\) = -E /E L V (4-10) 
where EL is the lateral strain and EV is the vertical 
strain. For no volume change conditions, i.e. an undrained 
test and a right circular cylinder shape, the calculated 
Poissob's ratio using Equation 4-10 should be approximate-
ly one-half. However, the majority of samples tested de-
formed in a barrel-like shape, by bulging at the center. 
To correct Poisson's ratio, it was assumed that the 
samples deformed in a parabolic shape. The volume of the 
parabola was then distributed evenly over the entire length 
of the sample (Figure 4.Sa) . The new diameter, after the 
volume redistribution is approximately 2/3 the diameter at 
the mid-height of the sample (D' = 2/3 DM). Therefore, the 
ratio of lateral to vertical strain was multiplied by 2/3 
to determine Po t sson's ratio. 
The assumed parabolic deformational shape neglects 
two important factors. One, the deformation was not syrn-
metric over the length of the sample. Second, the true 
deformation for a majority of the samples appeared as il-
lustrated in Figure 4.Sb . 
Investigations by several authors indicate Poisson's 
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ratio is not a constant when measured in triaxial compres-
sion. An extensive literature search found only one re-
port of direct measurement of lateral deformation to cal-
culate Poisson's ratio. The more common technique was to 
measure volumetric and axial strains in a drained triaxial 
test. Assuming a correct sample deformational shape is a 
major problem associated with the direct measurement of 
lateral deformation and the calculation of Poisson's ratio. 
' 
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CHAPTER 5 
STRESS-STRAIN MODELS 
A constitutive equation or relationship can be de-
fined as a numerical description of physical quantities 
such as stress, strain, and time (Christian and Desai, 
1977). A constitutive law used extensively in geotechni-
cal work to relate stress to strain is Hooke's law. 
Hooke's law expresses the relationship that for small de-
forma\ions stress is directly proportional to strain, it is 
a linear elastic behavior. The generalized Hooke's law 
equations are due to Navier-Stokes (Sechler, 1952) and can 
be mathematically represented by 
{a}= [cJ&J (5-1) 
where .[a } represents the six components of stress in an 
elastic body, { t: } the six components of strain, and [ cJ 
the stress-strain matrix composed of 36 constants. This 
condition is the most general (anisotropic triaxial) case 
with s i "-'x components of stress and strain. Due to the sym-
metry of the material matrix, C .. = C . . 1 only 21 coeffi-lJ Jl 
cients are independent. 
If the material is assumed homogeneous and isotr o p ic, 
the following conditions must follow: 1) uniform normal 
stresses can not produce shear with respect to the same co-
ordinate system; 2) pure shearing stress can not produce 
extension or compression with respect to the same coordi-
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nate system (Sechler, 1952). Also, if isotropy is assumed, 
the material matrix [CJ has only two independent terms: 
the two material parameters Young's modulus, E, and Pois-
son's ratio, v. Hence, for a homogeneous, isotropic ma-
terial the stress-strain matrix reduces to: 
1-V \) \) 0 0 0 
\) 1-v \) 0 0 0 
E \) \) \) 0 0 0 
c = (l+V) (l-2V) 0 0 0 l-2v 0 0 
0 0 0 0 l-2v 0 
0 0 0 0 0 1-2\i 
\ 
(5-2) 
For conditions of plane strain,£ , £ and £ are 
zz xz yz 
all zero, further reducing the stress-strain matrix to: 
1-v 
c = E \) (l+V) (l-2V) 
0 
\) 
1-v 
0 
0 
0 
l-2v 
( 5-3) 
The two elastic material parameters Young 1 s modulus and 
Poisson's ratio can both be determined experimentally. 
Young's modulus, E, relates axial stress to axial strain in 
a uniaxial compression test (Cartesian coordinate system, 
axial direction represented by x-axis) a = E £ with 
xx xx 
all other stresses equal to zero. Poisson's ratio, v, re-
lates axial strain to transverse strain £ yy = € zz = -\)£ xx 
Where all other a r. s = O, except a 
xx 
The numerical value 
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of Poisson's ratio has an upper bound of 0.5 correspond-
a n incompressible material and a lower bound of ing to 
zero. The numerical restrictions on Poisson's ratio can 
be observed by considering the compressibility modulus, 
the reciprocal of the bulk modulus. 
1 = 3(1-2v) 
K E (5-4) 
If v > 0.5 there would be increasing volume with increas-
ing confining pressure or if v < 0.0 negative transverse 
strains would occur under axial tension. 
' 5.2 Nonlinear Models 
According to Hardin (1978) it is impossible to apply 
an effective stress increment to a soil without some slip-
page at particle contacts and thus plastic deformation. 
Therefore, a purely elastic analysis of soil deformation 
will be inaccurate after even small strains. Therefore, if 
a constitutive equation is to realistically model soil re-
sponse the nonlinearity of the stress-strain curve must be 
included. Methods of predicting the nonlinear behavior of 
soils include the representation of a given stress-strain 
curve by curve fitting methods, interpolation or mathema-
tical functions such as spline functions, nonlinear elas-
ticity theories, and plasticity theories (Christian and 
Desai, 1977). Specific models discussed below are the 
hypoelastic model, hyperbolic model, and the elasto-
plastic model. 
Hypoelastic models have been developed by findingthe 
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necessary soil parameters from curve fitting of the ex-
perimental stress-strain curves (Vagneron, et. al, 1976). 
A grade one hypoelastic model requires seven soil parame-
ters and the soil stress increments are a function of the 
strain increments. 
The hyperbolic model is based upon the work of Konder 
(1963), who noted that a hyperbola had the approximate 
shape of a typical stress-strain curve. The hyperbolic 
model requires eight soil parameters to predict the stress-
strain response of the soil. This model will be described 
\ 
in detail in Section 5 . 5. 
An elasto-plastic model (simple plastic) incorporates 
a yield criterion and an associative or non-associative 
flow rule. The theory can model non-elasticity, the in-
fluence of the intermediate stress, stress-path dependency, 
and shear dilatancy effects (Vagneron, et. al, 1976) and 
requires nine ~oil parameters. 
5.3 Mohr-Coulomb Failure Theory 
Sediment strength can be expressed by the Mohr-
Coulomb failure law as: 
T = c + a tan ¢ 
n 
(5-6) 
where c is the effective cohesion or cohesion intercept, 
¢ is the effective angle of friction, a is the effective 
n 
normal stress and T is the shear strength. Further de-
scriptions of Mohr-Coulomb failure theory can be found in 
Lambe and Whitman (1969) and Terzaghi and Peck (1967) . The 
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failure state is more commonly expressed in terms of devi-
t SS (o - o ) For drained conditions the devi-ator s re ' 1 3 . 
Stress at failure can be written: a tor 
2c cos ¢ + 20 3 sin ¢ 
1 - sin ¢ 
( 5-7) 
and for undrained conditions the deviator stress at fail-
ure is: 
\ 
2c cos ¢ + 203 sin ¢ 
1 - sin ¢ + 2Af sin ¢ 
(5-8) 
where c = the cohesion intercept, ¢ = the angle of inter-
nal friction, and Af = A-Factor at failure. Thus, knowing 
the three parameters c, ¢, and Af the deviator stress at 
failure can be determined for any confining stress, o 3 , 
for either drained or undrained conditions. 
5.4 Hyperbolic Model 
Kander (1963) first developed the method of using hy-
perbolic curves to model the response of soils in triaxial 
compression. Hyperbolic stress-strain relationships were 
further developed by Daniel and Olson (1974) and Wong and 
Duncan (1974). Wong and Duncan (1974) used the hyperbolic 
relationships in finite element analysis to model soil de-
formation due to applied loading . In their analysis, an 
incremental process was used in which the stress-strain 
response of the soil was assumed linear for each increment 
and the· relationship between stress and strain was assumed 
to be governed by the generalized Hooke's law of elastic 
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deformation . 
In its hyperbolic form the deviator stress can be 
written: 
(0 -0 ) = 1 3 a + b E (5-9) 
where (E) is strain ; a and b are constants. The ultimate 
value of the deviator stress can be obtained by taking the 
limit of Equation 5-9 as strains become larger: 
= l/b (5-10) 
\ 
Equation 5-9 can also be differentiated with respect to 
strain and evaluated at £ = O. 
d0 
dE ( £ - 0) = 0 (5-11) 
If the expression, E/(01-0 3 ), is plotted versus strain a 
linear relationship exists with intercept a and slope b 
(see Figure 5 . la). The initial Young ' s modulus, E . , is 
l 
equal to l/a, the reciprocal of the intercept, and the ul-
timate deviator stress (01 -0 3)ult is equal to l/b, the re-
ciprocal of the slope. The hyperbolic stress-strain curve 
can then be expressed as: 
£ 
-----1 + £ (5-12) 
Ei ' 01-0 3)ult . 
and is plotted i n Figure 5 . lb . 
For increasing values of confining stress, 0 3 ; the 
Values of Ei , the initial Young's modulus and (01-03)u1t . ' 
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the ultimate deviator stress increase. After extensively 
studying a large number of stress-strain curves for a vari-
ety of materials, Janbu (1963) showed that the tangent 
modulus varied with effective stress. The tangent modulus 
could be represented by the formula: 
M = m a 
a 
M = tangent modulus 
m = modulus number 
Ua J 1-a 
a = the effective stress 
\ 
aa = atmospheric pressure 
a = exponent number between 0 and 1 
(5-13) 
For a purely elastic material a equals unity and a equals 
zero for a normally consolidated clay (Janbu, 1963). 
Janbu's formula may be modified to develop an equation for 
Ei as a function of confining stress, resulting in the 
formula: 
(5-14) 
where K is the modulus number, n is the exponent number 
and Pa is the atmospheric pressure. The values of K and n 
may be determined by plotting values of log (E./P ) versus 
i a 
log (o 3/Pa) (see Figure 5.2) . 
The deviator stress at failure, (o1 -o 3)f' can be ex-
pres s ed in terms of the ultimate deviator stress as: 
(5 - 15) 
From the theor~ the values of (o1 -o 3 )f cannot exceed 
(a
1
-a 3)ult.· Thus the extreme value of Rf is unity. 
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By differentiating Equation 5-12 with respect to 
strain and substituting Equations 5-14 and 5-15, an ex-
pression for the tangent Young's modulus can be obtained. 
E = t (5-16) 
For drained conditions Equation 5-7 would be substituted 
into Equation 5-16 for the term (o1 -o 3)f' whereas Equation 
5-8 wobld be substituted into Equation 5-16 for undrained 
conditions. Thus, for undrained conditions the following 
expression for Et results: 
This equation can then be used to calculate the value of 
tangent Young's modulus for any stress condition o 3 and 
(o1-o 3 ) if the value of K, n, c, ¢, Rf' and Af are known. 
The expression for tangent modulus applies only to stresses 
up to and including the peak deviator stress and cannot 
predict strain softening. 
The major advantage of the hyperbolic method is that 
the required soil parameters may be obtained from standard 
triaxial tests. However, the above advantage is also a 
weakness of the hyperbolic model (Vagneron, et . al, 1976). 
The model is not general, it applies only to the type of 
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loading condition used in defining the parameters. There-
fore, the laboratory tests used to determine the soil pa-
rameters should approximate the loading conditions which 
will exist in the field. 
The model is only accurate for predicting displace-
ments under stable soil conditions, a requirement imposed 
upon the model by the generalized Hooke's law . Hooke's 
law is only applicable for the analysis of stress and 
strain conditions prior to failure (Wong and Duncan, 1974). 
Another limitation of the model was discussed earlier in 
' section 5.2. Elastic theory requires an upper bound on the 
numerical value of Poisson's ratio of 0.5. With this re-
striction, the hyperbolic model cannot predict volume 
changes in soils subject to shear dilatancy (Wong and Dun-
can, 1974) . 
5.5 Hyperbolic Data Analysis 
To determine the hyperbolic parameters for each sam-
ple, the axial strain is divided by the deviator stress and 
plotted versus strain . A best fit line through all the 
points is used to determine the values of Ei, the initial 
Young's modulus and (a1 -a 3 )ult.' the ultimate deviator 
stress. Using Equation 5-12 with the values of Ei and 
(ol-a 3)ult.' the hyperbolic stress-strain curve can be gen-
erated and plotted with the experimental stress-strain 
curve (for example, see Figure 5 . 3) . The solid line on the 
Plot represents the hyperbolic curve and the asterisks (*) 
the experimental points. It should be emphasized that in 
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this plot the smooth curve is not a best-fit line through 
the experimental points, but represents a hyperbolic curve 
that has been fit to the experimental data points using 
the assumptions discussed in Section 5 . 5. 
The values of K and n are determined, as outlined in 
section 5 . 5, for each sample series . The change in tan-
gent modulus Et' with changing deviator stress (o1 -o 3 ) is 
determined using Equation 5.17 . The tangent modulus for 
the experimental points is determined using the formula: 
' (5-18) 
The two sets of values can be plotted together (for exam-
ple, see Figure 5 . 4), the hyperbolic Et represented by the 
solid line and the experimental Et values with asterisks 
(*). Chapter 6 presents a detailed analysis of the hyper-
bolic data generated in the test program. 
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CHAPTER 6 
PRESENTATION OF RESULTS AND DATA ANALYSIS 
1 Introduction 6. 
This chapter presents: 1) all the test data compiled 
by this investigation and 2) a discussion of the results. 
section 6 . 2 presents all the stress-strain data followed by 
a drained strength analysis (Section 6.3) and an undrained 
strength analy sis (Section 6 . 4) . A detailed analysis of the 
hyperbolic parameters appears in Section 6.5 and a discus-
sion qf the lateral strain measurements and calculated 
Poisson's ratio are presented in Section 6 . 6 . 
The test data has been analyzed using effective stress 
principles and Mohr-Coulomb failure theory. The peak devi-
ator stress was adopted as the failure criteria . If no 
peak stress was observed then other stress-strain curves: 
pore pressure , stress-path, A-factor, or 01;03 were used to 
select a failure point . A least squares line was fit to 
the experimental failure points to determine the cohesion 
intercept and the angle of friction . Therefore, the ex-
perimental failure points will not necessarily fall exactly 
on the calculated failure envelope . 
In general, four samp les were tested in each sample 
series. Two samples were consolidated to stresses greater 
than any past maximum consolidation stress imposed upon the 
samples (the samples were normally consolidated). Two sam-
Ples were consolidated to stresses less than the past maxi-
mum. The ratio of the past maximum to the existingconsoli-
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dation is defined as the overconsolidation ratio (OCR) . 
Results of grain size, Atterberg limits, and specific 
gravity tests are listed in Table 6.1 for all the samples 
tested. These samples are classified as either inorganic 
clays (CH) or inorganic silts (MH) by the Unified Soil 
Classification System, plotting slightly above or below the 
A-line. 
All samples (excluding LL-44 GPC-3 1885 cm) contain 
more than 65% clay sized particles with a median diameter 
of one micron (Table 6.1) . The liquid and plastic limits 
\ 
of the smectites are considerably higher than the illites. 
The activity of the smectite samples is also higher, indi-
eating the degree to which water is attracted to the sedi-
ment. The liquidity index (IL) in soil is greater than 
unity if the natural water content is greater than the 
liquid limit. The liquidity index is also an indicator of 
the soils susceptability to disturbance. The undisturbed 
illite sediments exhibit liquidity indices greater than 
unity (Table 6.1) . The values of specific gravity (Gs) are 
very high for the majority of samples, due to the high iron 
content of these sediments (Heath, 1978) . 
6.2 Discussion of Stress-Strain Data 
In this section, the test data from each sample series 
(Figure 1.1) is presented and discussed in detail. Perti-
nent plots of Mohr-Coulomb parameters are included for each 
sample series . Also included are plots of lateral strain, 
Poisson's ratio and the hyperbolic curves of deviator stress 
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and tangent modulus. 
Table 6.2 lists the failure parameters for all the 
samples tested. The parameters listed are: consolidation 
pressure a 3 , vertical strain at failure Ef' volumetric 
strain during consolidation Evol' deviator stress at fail-
ure (a1 -a 3)f' pore pressure at failure uf, principal stress 
ratio o1/o3 , A-factor at failure Af, qf one-half the devi-
ator stress at failure, pf the average of the principal 
stresses, the initial water content w., the water content 
l 
at failure wf, the ultimate deviator stress from the hy-
' perbolic analysis (a1-a 3 )ult' the initial tangent modulus 
E., and the ratio of the ultimate to experimental deviator 
l 
stress Rf. Table 6.3 lists the Mohr-Coulomb failure pa-
rameters: c, the effective cohesion intercept and ¢, the 
angle of internal friction. These values are obtained from 
the following formula: 
sin ¢ = tan ~ (6-1) 
a 
c = cos ~ 
where the terms a and ~ are determined from the analysis 
of the failure points on the q versus p plot. Also listed 
on Table 6.3 are values of K (the modulus number) and n 
(the exponent number) determined from the hyperbolic theory. 
A) LL-44 GPC-3 1800 cm 
These three samples are from a series of four samples, 
With the fourth sample being tested as part of the creep 
testing program . From observing core photographs, the 
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sample 1845-1857 cm was taken from an apparently homogenous 
section of core. The remaining samples in this series were 
taken in a zone of mottling (see Figure 2.5). When ex-
truded the samples were stiff, with no noticeable layering 
or mottling. The initial water contents vary from 191 to 
20 3% and are similar to those in the water content profile 
of GPC-3 (Figure 2.4), which vary from 196 to 226% between 
the depths of 1845 and 1890 centimeters. 
In observing the plots of deviator stress and the 
stress paths (Figure 6.1 and 6.3), it appears that the be-
\ 
havior of the sample 1845-1857 cm is different than the 
other two samples, with a higher shear strength. The dif-
ference in behavior is again evident in the volumetric 
strains during consolidation which were 38.3%, 19.6%, and 
22.8% respectively for the three samples 1845-1857 cm, 
1859-1868 cm and 1873-1883 cm (see Table 6.2). This be-
havior would suggest that the sample 1845-1857 cm is of a 
different material. Due to the changes in composition ob-
served in the photographs and the inconsistent behavior of 
this sample, it was discarded in the analysis of the values 
of cohesion intercept and angle of internal friction. 
The two samples 1859-1868 cm and 1873-1883 cm exhibit 
stress-strain curves; deviator stress, pore pressure, 
stress path, A-factor, and 01;03 (Figures 6.1 through 6.5) 
Which are identical in shape. Both samples exhibit strain-
softening with increasing pore pressures after failure 
(failure defined as peak deviator stress) . All three sam-
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pleS developed distinct shear planes after failure. All 
the samples were tested as normally consolidated, the A-
factors of 1873-1883 and 1859-1868 cm samples (Figure 6.4) 
approaching unity at 20% strain. Lateral strains were mea-
sured on two samples 1845-1857 and 1859-1868 cm. The gauge 
on sample 1873-1883 cm fell off the sample during prepara-
tion for shearing. The lateral strains measured are nearly 
identical up to 10% vertical strain (Figure 6.6). The 
lateral strain and values of Poisson's ratio will be dis-
cussed in a later section of this chapter. The hyperbolic 
' analysis was performed on the test results from these sam-
ples, however negative values of Ei were obtained and the 
results are therefore not included (see Section 6.5). 
B) PS-9 Vertical Samples 
The four samples in this series were obtained from a 
Hole Closure Experiment tank of smectite with a simulated 
depth of 9 meters (consolidation stress of 0.25 kg/cm2). 
The remolded samples identified as "vertical" were taken 
with their axis parallel to the axis of the consolidation 
tank. The "horizontal" samples were taken at right angles 
to the axis of the tank. Two samples PS-9 #1 and #2 were 
tested as normally consolidated. Samples PS-9 #3 and #4 
were tested as overconsolidated (OCR's of 1.7 and 5 . 2 re-
spectively) . 
The spikes observed in the pore pressure versus strain 
Plots (Figure 6.9) were caused by fluctuations in the air 
supply system. The regulators, although very sensitive, 
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e not able to completely compensate for the extreme wer 
fluctuations in the system. This problem was reduced later 
in the testing program by placing an additional regulator 
between the compressor and the control panel regulators. 
The absence of spikes in PS-9 #4 results from the use of a 
differential pore pressure transducer such that the change 
in cell pressure is automatically subtracted from the pore 
pressure readings. The spikes in the deviator stress curve 
for sample #4 (Figure 6.8) are attributed to changes in the 
piston load caused by the fluctuating line pressures. Al-
\ 
though sample #4 was consolidated to a confining stress 
less than that of sample #3, the deviatoric stresses of 
sample #4 are greater than sample #3. 
The fluctuations in pore pressure effect the other 
values which are a function of pore pressure. These flue-
tuations are amplified in the plot of A-factor versus 
strain (Figure 6.11). Cell pressure was not recorded dur-
ing the shear process, therefore the variations in cell 
pressure are not known. 
Lateral strains were measured in tests PS-9 #3 and #4. 
The two curves of lateral strain versus vertical strain 
(Figure 6.13) are considerably different. The hyperbolic 
analysis was performed on all four samples, the plot of 
deviator stress versus strain (Figure 6.15) shows the ex-
cellent fit of this analysis. A plot of tangent modulus 
versus deviator stress (Figure 6 . 16) compares the derived 
and experimental values. Values of K and n used for the 
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analysis of tangent Young's modulus are listed in Table 
6.3. 
C) ps-18 Vertical 
These four samples were obtained from a Hole Closure 
Experiment tank of smectite having a simulated depth of 18 
2 
meters (ac = 0.50 kg/cm ) . Two samples were tested as 
normally consolidated (PS-18 Vertical #1 and #4) and two 
samples were overconsolidated (#3, OCR= 1.7 and #5, OCR= 
5. 2) . 
T~e spikes observed in the PS-9 samples were consider-
ably reduced in this series, only samples #3 and #4 exhibit 
fluctuations in pore pressure (Figure 6.18). Samples #3 
and #5 display characteristics typical of an overconsoli-
dated cohesive soil. The pore pressure is initially posi-
tive and then approaches zero, resulting in a sharp peak 
in A-factor (Figure 6.20) gradually decreasing to zero. 
The stress paths (Figure 6.19) for these samples are typi-
cal of overconsolidated samples, moving from left to 
right. The #5 sample produced a well-defined shear plane 
after failure. 
Stress-strain curves of PS-18 #1 and #4 peak at ap-
proximately 12% strain (Figure 6.17), while the overcon-
solidated samples peak at a smaller strain (less than 5% 
strain). The dissimilar behavior of these samples (normal-
ly and overconsolidated) can also be observed in the plots 
of pore pressure-strain, A-factor-strain, and 01;03 -
strain (Figures 6.18, 6.20, and 6.21). 
78. 
Lateral strains were measured on samples #1 and #3 
(Figure 6.22). As observed in the LL-44 samples, the la-
teral strains are nearly identical. The hyperbolic 
stress-strain curves again exhibit an excellent fit to the 
experimental points (Figure 6.24). In this series, only 
sample #3 had negative values of Ei. The tangent modulus 
values also compare well with the experimental values as 
illustrated in the plot of tangent modulus versus deviator 
stress (Figure 6.25). 
D) PS-18 Horizontal \ 
These samples were obtained from the same Hole Closure 
Experiment tank as the PS-18 Vertical samples. The con-
solidation stresses used to test these samples approximated 
the stresses used in the Vertical series. The two samples 
(#7 and #10) were tested as normally consolidated and (#8 
and #9) were tested as overconsolidated (OCR= 1.7 and 5.2 
respectively) . 
Sample #9 displays pore pressure, A-factor and stress 
path curves (Figure 6.27, 6.29, and 6.28) nearly identical 
in shape to PS-18 Vertical #5 (the same consolidation pres-
sure was used). The A-factor curve for sample #9 peaks at 
a very low strain {< 1%) and then gradually decreases to 
zero and is negative after 10% strain. The failure strains 
of the normally consolidated samples in the Vertical series 
were similar to sample #7 (Table 6.2). The stress path for 
sample #7 (Figure 6.28) is typical of a normally consoli-
dated sample, initially moving to the right and then left 
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to the failure envelope. The difference in behavior of 
the normally and overconsolidated samples is observed in 
the plot of a1 /a 3 versus strain (Figure 6.30). 
Lateral strain measurements are given for two samples 
(#8 and #10) (Figure 6.31). Again the lateral strains are 
nearly identical. The hyperbolic fit provides an excel-
lent fit to the experimental values, especially #9 (Figure 
6.33). 
E) MARA-02 GC-04 200 cm 
T~e three samples in this series were from a set of 
four but the fourth sample was disturbed during sample 
preparation and was not tested. The samples were taken 
from the bottom of the core where the sediment was visually 
homogeneous. The initial water contents of the samples 
vary from 106 to 108% (Table 6.2) which agree well with the 
profile water contents, 102 to 110% between the depths of 
210 and 245 centimeters (Figure 2.7). Figure 2.7 illus-
trates that the natural water contents of the illite sam-
ples are greater than the liquid limits. The high values 
of specific gravity listed in Table 6.1 are probably the 
result of the high iron content (Heath, 1978) of these 
sediments. The stress-strain curves for this series, 
(Figure 6.35) although exhibiting small fluctuations, are 
typical of the shape obtained for plastic cohesive soils. 
As with the LL-44 samples, the strains at failure were be-
tween 0-10%. The spikes in the pore pressure versus strain 
Plots (Figure 6.36) were also present in this series. The 
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pore pressures of sample 216-224 cm were measured with a 
differential transducer. This sample was tested as over-
consolidated, the calculated preconsolidation stress equal 
to o.19 kg/cm2, resulting in an OCR of 1.7. This sample 
behaved as a typical overconsolidated clay with noticeable 
differences from the two normally consolidated samples as 
observed in the plots of A-factor and 01;03 versus strain 
(Figures 6.38 and 6.39). 
The similar behavior of the two normally consolidated 
samples 228-235 cm and 238-245 cm indicates two important 
' facts. First, the quality of the samples is indicated by 
the similar shapes of the stress paths, A-factor and 
o1;o3 curves. Second, the similar behavior suggests the 
test procedures and sample preparation are of a superior 
quality. 
Lateral strain measurements were obtained for all the 
samples tested in this series. Similar strains are ob-
served for samples 238-245 and 228-235 cm (Figure 6.40). 
The curves from the hyperbolic analysis compare well with 
the experimental values after 5% strain (Figure 6.42). The 
tangent modulus values from the hyperbolic analysis tend to 
overestimate the experimental values (Figure 6.43). 
F) MARA-02 GC-04 100 cm 
This series of four samples was taken from the upper 
meter of GC-04. The initial water contents of the samples 
vary from 105 to 121% as compared to 109 to 123% between 
75 and 115 centimeters (Figure 2.7). A change in sediment 
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structure was detected in the depth range 95 to 105 cm 
(see section 2.6). No differences are noted at this depth 
in the water content profile or the grain size and Atter-
berg limits. However, the specific gravity for the sample 
gs-105 cm (Table 6.1) is considerably higher than the other 
samples in this depth range. These factors indicate the 
sediment at this depth (95-105 cm) is of a higher void 
ratio (due to the higher specific gravity) than the sedi-
ment above or below this zone. The lower vane shear 
strength at this depth (see Figure 2.7) is attributed to 
\ 
the higher void ratio. The differences between the natural 
water contents and the liquid limits are greater in this 
depth range than in the lower core, an indicator of a po-
tentially more sensitive material. 
It is noted that equipment problems were encountered 
in this test series. The differential pore pressure trans-
ducer used with samples 86-94 and 95-105 cm was believed to 
be defective. This was not learned however until after the 
two samples were sheared. The transducer was believed to 
give pressure readings which were too high, explaining why 
the two tests do not reach the failure envelope. 
Pore pressure fluctuations due to line fluctuations 
were not recorded in the tests of samples 76-84, 86-94, and 
95-105 cm (Figure 6.45) because differential pore pressure 
transducers were used. However the large irregularities in 
the stress-strain curves (Figure 6.44) could be attributed 
to variations in cell pressure due to the line fluctuations. 
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OnlY the failure points from tests 78-84 and 105-115 cm 
Used to calculate c and ¢ (Figure 6.46). Since the were 
76 _94 cm sample was overconsolidated, the cohesion inter-
cept is higher than if two normally consolidated tests were 
used in the analysis. 
Lateral strain measurements were obtained for three 
of the four samples (Figure 6.49). The gauge on the fourth 
sample (95-105 cm) fell off the sample due to large volume 
changes during consolidation. The two samples 105-115 and 
86-94 cm display near identical lateral strains. The hy-
' perbolic stress-strain curves fit the experimental points 
very well despite the variations in the curves (Figure 
6.51). The tangent modulus versus deviator stress curves 
for the samples 86-94 and 95-105 cm (Figure 6.52) do not 
approach values of zero (Et) because their stress paths do 
not reach the failure envelope (see Section 5.5). 
G) VEMA-32 PC-115 200 cm 
These three samples were from a set of four samples 
taken in the upper few meters of PC-115. The 3.8 cm di-
ameter samples were taken from a 6.4 cm inside diameter 
standard piston corer. This corer results in a somewhat 
more disturbed sample than the larger diameter (10.2 cm) 
gravity and Giant Piston Corer (11.4 cm). The initial 
water contents of the samples vary between 99 and 106% as 
compared to the natural water contents from the core pro-
file of 102 to 110% between the depths of 210 and 250 cm 
(Figure 2.6). Classification data for these samples is 
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similar to that of the MARA samples. 
The three samples were tested as normally consolidated, 
the plots of stress versus strain (Figure 6.53) having 
shapes similar to those of the MARA samples. These samples 
tend to strain harden, that is the deviator stress does not 
peak but rather continues to increase gradually beyond 5% 
strain. The similarity of all the samples in this series is 
observed in the plot of A-factor versus strain (Figure 
6.56), all samples have A-factors approximately equal to 
unity at failure. Lateral strains were not measured on 
\ 
these samples. The hyperbolic analysis demonstrates its 
excellent fit to the experimental values (Figures 6.58 and 
6.59). 
H) VEMA-32 PC-115 400-500 cm 
This series of samples was taken from a depth in the 
core approaching the transition zone of illite to smectite. 
The initial water content values of the triaxial samples 
ranging from 106 to 116% compare well with the natural water 
contents ranging from 104 to 117% between the depths of 490 
and 540 centimeters (Figure 2.6). The liquid limits at 
this depth are 25 to 38% greater than the limits at the 
shallower depths of 235-245 cm. In observing Figure 2.6, 
in this depth range the natural water contents are approxi-
mately equal to the liquid limits, another indication of 
transition material. 
The two samples 499-509 and 523-533 cm were tested as 
normally consolidated and the sample 483-493 cm was over-
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Solidated with the calculated preconsolidation stress con 
equal to 0.33 kg/cm2 resulting in a OCR of 2.3. The 
stress-strain curves for these samples (Figure 6.60), al-
though somewhat similar in shape to the shallower VEMA and 
MARA samples, show a tendency for strain-softening. The 
fluctuations in pore pressure are again evident in the 
plots of pore pressure versus strain (Figure 6.61). From 
the plots of pore pressure, A-factor, and 01;0 3 versus 
strain (Figures 6.61, 6.63, and 6.64), the behavior of the 
overconsolidated sample 483-493 cm is observed. 
\ 
Lateral strains were not measured on these samples. 
The hyperbolic analysis again provides an excellent fit for 
these samples (Figure 6.65). The fit of the derived tan-
gent modulus values to the experimental values is also ex-
cellent (Figure 6.66). 
I) PI-18 Vertical 
This series of samples was removed from a Hole Closure 
Experiment tank of illite material with a simulated depth 
of 18 meters (cr = 0.82 kg/cm2 ). The samples #1 and #2 
c 
were tested as normally consolidated and samples #3 and #4 
were overconsolidated, having OCR's of 2.1 and 5.1 re-
spectively. 
Sample #2 exhibits a large amount of strain hardening 
(Figure 6.67) with no change in pore pressure (Figure 6.68). 
The combined effect of this behavior results in the stress 
path (Figure 6.69) turning back after failure, moving to 
the right. The failure point for this sample was selected 
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as the minimum value of p which occurs at the point of 
maximum A-factor. The curves of A-factor versus strain 
(Figure 6.70) for samples #3 and #4 are typical of over-
consolidated samples, if the fluctuations due to line pres-
sure variations are neglected. No lateral strains were 
measured on these samples. The hyperbolic stress-strain 
curves (Figure 6.72) display an excellent fit for samples 
#3 and #4. The computed tangent modulus versus deviator 
stress curves exhibit varying degress of fit (Figure 6.73). 
The hyperbolic analysis cannot predict strain softening, 
\ 
resulting in a poor quality fit of the stress-strain and 
tangent modulus curves for sample #1. 
J} PI-2 Vertical 
Before discussing the next two series of samples, a 
comment on the quality of the samples is necessary. Small 
air voids were noticed in the sides of these samples during 
extrusion from the sampling tubes. Voids were not observed 
in any other samples, suggesting the voids were a result of 
the low effective stresses used in this tank. These sam-
ples have been analyzed and discussed in this report ne-
glecting as much as possible the poor quality of the test 
results. Caution must be exercised when drawing conclu-
sions from the test data of these samples. 
The four samples in this series were obtained from a 
Hole Closure Experiment tank of illite with a simulated 
depth of two meters (a = 0.10 kg/crn2 ) . Samples #1 and #2 
c 
were tested as normally consolidated and samples #4 and #5 
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were overconsolidated with OCR's of 1.9 and 3.9 respec-
tively. The irregularities observed in the stress-strain 
curves (Figure 6.74) result from fluctuations in line 
pressure. They appear to be cyclic for sample #4, which 
would further support the contention they are caused by 
the air compressor fluctuations. Samples #1 and #2 ex-
hibit unusual stress-strain curves, in that the deviator 
stress peaks at a low strain (< 5%), then decreases for 
these samples (Figure 6.77) are also high when compared to 
other remolded samples. The difference in behavior of 
\ 
these samples (#4 and #5) is shown in the plot of A-factor 
versus strain (Figure 6.77). The effect of the small f luc-
tuations in the stress-strain plot of samples #4 and #5 
are observed in the last few points of the o1;o3 versus 
strain curves (Figure 6.78). 
Lateral strain measurements were recorded for two sam-
ples (#4 and #5) (Figure 6.79). The lateral strains for 
sample #4 are untypical of the strains measured in other 
samples. Due to the variations in the stress-strain curves 
the hyperbolic curves give an average fit (Figures 6.81 and 
6.82). 
K) PI-2 Horizontal 
The four samples of this series were obtained from the 
same tank as the PI-2 Vertical samples and thus the same 
problems relative to sample quality were evident . Consoli-
dation pressures, approximately equal to those used to test 
the Vertical samples, were used to consolidate these samples. 
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samples #6 and #7 were tested as normally consolidated and 
samples #8 and #9 were overconsolidated, with OCR's of 1.9 
and 3.9 respectively. Again the fluctuations observed in 
the stress-strain plot (Figure 6.83) are caused by varia-
tions in the cell pressure and/or the poorer quality sam-
ples. These fluctuations are amplified in the plots of 
A-factor and a1/cr 3 versus strain (Figure 6.86 and 6.87). 
The low failure strains determined for these samples are 
the result of the difficulty in determining a failure 
point . These samples are of better quality, in terms of 
' the shape of the curves, than the PI-2 Vertical samples. 
The A-factors (Figure 6 . 86) for the normally consolidated 
samples (#6 and #7) are questionable. 
The plot of lateral versus vertical strain displays 
similar strains for samples #6 and #7 (Figure 6.88) but the 
lateral strain measurements of samples #8 and #9 are ques-
tionable. The hyperbolic stress-strain curves (Figures 
6.90) exhibit a good fit despite the irregular experimental 
values. The hyperbolic tangent modulus values underesti-
mate the experimental values (Figure 6.91). 
6.3 Drained Strength Analysis 
A) Introduction 
The effective strength parameters of effective cohe-
sion c and effective angle of internal friction ¢ can be 
used in a drained strength analysis. The direct compari-
sons of these parameters can be one basis of evaluating 
test data in terms of the goals of the testing program 
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(see section 1.6). However it is emphasized that drained 
tests were not conducted in this program. Terzaghi's 
principle of effective stress a = a + u states that the 
total stress is equal to the effective stress plus the 
pore water pressure. Knowing the values of c and ¢, the 
drained strength at failure can be calculated using the 
formula: 
c cos ¢ + a 
c 
(1-sin ¢) 
sin ¢ 
-
a 
c 
(6-2) 
where ~fd is one-half the deviator stress (drained 
strength) at failure and crc is the consolidation stress 
(Lambe and Whitman, 1969). This formula assumes drained 
conditions, i.e. no pore pressure, and assumes K is equal 
0 
to unity. 
Using Equation 6-2 and the values of c and¢ listed in 
Table 6.3 drained strengths at failure were calculated for 
the samples tested as normally consolidated. These values 
are li s ted in Table 6.4 under method three. The three 
parameters, c, ¢, and qfd/oc are used to compare samples in 
terms of drained strength. 
B) Undisturbed vs. Remolded Samples 
Comparing the values of c and ¢ for the undisturbed 
and remolded samples of smectite (Table 6.3), only small 
variations are observed . For sample series of equal verti-
cal stress LL-44 GPC-3 1800 cm and PS-18 Vertical, the dif-
ference in friction angle (35.5° and 36.3° respectively ) is 
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not considered significant. Also, the differences in cohe-
sion intercept for the same series (0.016 and 0.009 kg/cm2 
respectively) are small since both values are close to 
zero. The effect of the combined difference in cohesion 
and friction angle are observed in the average qfd/crc 
ratios (Table 6.4), 1.40 for LL-44 samples and 1.47 for 
PS-18 Vertical samples (Table 6.4). This ratio indicates 
that the remolded samples are slightly stronger than the 
undisturbed samples in terms of drained strength at dif-
ferent water contents. Although the undisturbed samples 
\ 
were consolidated to higher effective stresses than the 
PS-18 Vertical samples, the undisturbed samples exhibit 
larger water contents at failure. The differences in water 
content indicate dissimilar void ratios, due to the direct 
relationship between water content and void ratio. To com-
pare the strengths on an equal basis, the void ratios, i.e. 
water contents, must be the same. A higher consolidation 
stress for the undisturbed samples would be required, re-
sulting in an increased strength. The magnitude of this 
increase can not be determined with the available data. 
Overall the drained strength of these two sample series 
LL-44 and PS-18 Vertical should be considered nearly equal. 
Comparing the friction angles for the undisturbed 
smectite samples (LL-44 GPC-3 1800 cm) and the other re-
molded sample series, a small variation in values is ob-
served (37.3° for PS-9 Vertical and 33.4° for PS-18 Hori-
zontal). These differences are considered more substantial 
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than those observed between the undisturbed samples and 
the ps-18 Vertical series. Based on friction angle alone, 
the pS-9 Vertical series is stronger than the undisturbed 
sample series. The low angle of friction 33.4° for the 
PS-18 Horizontal series could be attributed to the hori-
zontal orientation of the samples. This will be discussed 
more extensively when comparing the vertical to horizontal 
oriented samples. 
Values of cohesion intercept for all smectite series 
vary from 0.025 to 0.009 kg/cm2 , a difference of only 0.016 
2 \ -kg/cm . However, the qfd/crc ratios (Table 6.4) range from 
1.27 (average value) for PS-18 Horizontal to 1.57 (average 
value) for PS-9 Vertical. This difference is primarily 
caused by the variation in friction angle, since the cohe-
sion intercept does not effect the qfd/ac ratio signifi-
cantly. Using the LL-44 sample series as an example, a 10% 
change in friction angle causes a 20% change in the 
qfd/oc ratio, but a 40% change in cohesion intercept causes 
only a 0.5% change in the qfd/ac ratio. Therefore, the 
differences in cohesion intercept must be considered in-
significant when comparing undisturbed and remolded samples. 
Comparing values of qfd/ac ratio for the remolded 
series PS-9 Vertical, PS-18 Horizontal and the undisturbed 
series LL-44, indicate the PS-9 samples are stronger than 
the undisturbed samples and the PS-18 Horizontal samples 
are considerably weaker than the PS-9 samples. Again, the 
factor of water content at failure must be considered in 
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comparing the qfd/oc ratios. The water content of the un-
disturbed sample 1859-1868 cm is approximately 50% greater 
(w = 156.5) than the water content at an equivalent con-
solidation pressure for PS-18 #4 Vertical (w = 106.8) and 
is 33% greater than the water content of sample PS-18 #7 
(w = 117. 3) . 
comparing the remolded and undisturbed smectite sample 
series on the basis of friction angle alone, a remolded 
sample series (PS-18 Vertical) exhibits an equal value of 
~compared to the undisturbed series (LL-44 GPC-3 1800 cm), 
\ 
36.3° versus 35.5° respectively (Table 6.3). However, a 
second remolded series, PS-9, exhibits a ¢value greater 
than the undisturbed series, 37.3° versus 35.5° respec~ 
tively. The friction angle for the smectite sediments is 
apparently not significantly influenced by remolding or 
disturbance. 
Comparisons of friction angle for the remolded and 
undisturbed illite sample series are complicated by the low 
friction angles observed in the undisturbed VEMA-32 sample 
series. In general, neglecting the VEMA samples, the un-
disturbed illite sample series have a higher friction angle 
than the remolded samples (Table 6.3). The lower friction 
angles of the VEMA samples can be attributed to the high 
sensitivity of the illite material and the tendency toward 
considerable disturbance with the standard piston corer. 
The average sensitivity from vane shear measurements of 
MA-02 GC-04 is 5. 5 and for the. upper 5 meters of GPC-3 the 
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sensitivity is 6.7. In GPC-3 the sensitivity decreases 
with depth in the core, thus suggesting a change in sus-
ceptibility to disturbance with the change in sediment 
type. The transition layer (5-10 meters) has a sensitiv-
ity of 4.8 and for the smectite, it decreases from 2.9 at 
10 meters to 2.5 below 20 meters. On the basis of sensi-
tivity, the illite material is more sensitive to disturb-
ance and remolding than the smectite and transition ma-
terial . This statement is supported by a comparison of the 
water contents and liquid limits for the three sediments. 
\ 
The natural water content of the illite was found to be 
greater than the liquid limit in the three cores LL-44, 
VEMA-32, and MARA-02 (see Section 2.7), an indication of 
potentially sensitive sediment. Thus, the lower friction 
angles observed in the VEMA samples are attributed to sam-
ple disturbance, which is a function of corer design. The 
VEMA samples were obtained with a standard piston corer 
having an inside diameter of 6 . 4 cm (2.5 inches) as op-
posed to the 10 . 2 cm (4 . 0 inch) inside diameter of the 
gravity corer used to obtain the MARA samples. Another 
factor is the piston oscillations inherent in the piston 
coring technique. The larger corer diameter provides a 
better quality sample and allows the triaxial samples to be 
taken away from the zones of d i sturbance along the walls of 
the core barre l . The VEMA samples which were taken at a 
depth of 400-500 cm are entering the transition layer (in-
creasing smectite content) and therefore are less sensi-
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tive to disturbance, resulting in a greater friction angle. 
The influence of remolding on the angle of internal 
friction is also exhibited in a comparison of the remolded 
sample series. Comparing the ¢ values of the MARA samples 
to the remolded sample series a difference of as much as 
l2 degrees is observed between the 200 cm series and the 
PI-2 Horizontal series (34.8° versus 22.8° respectively) 
(Table 6.3). Comparing samples of equal vertical stress 
for MA-02 GC-04 200 cm and PI-2 Vertical, the undisturbed 
samples are considerably stronger (34.8° and 24.6° respec-
' tively) than the remolded samples. The higher friction 
angles in the undisturbed samples can be attributed to dif-
ferences in sediment structure and physio-chemical factors. 
It is generally accepted that undisturbed samples have an 
inherent structure which upon remolding is irreversibly 
altered. The loss of structure is indicated by the dis-
similar water contents of the undisturbed and remolded 
samples, the undisturbed samples having a larger voidra-
tio, i.e . water content. The effects of structure will be 
discussed in Section 6.4. 
The cohesion intercepts for the illite samples vary 
considerably with a low value of zero for MA-02 GC-04 200 
cm to a high value of 0.101 kg/cm2 for PI-18 Vertical. The 
high values of cohesion observed in the PI-18 series can 
not be accounted for by problems with the stress-paths, 
both normally consolidated samples exhibit a distinct 
failure point . As was the case with the smectite samples, 
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the differences in cohesion intercept should be considered 
S ignificant when compared to the influence of fric-1ess 
tion angle upon the shear strengths. 
Observing the normalized drained strengths in Table 
6 .4 (Method 3), the undisturbed samples are stronger than 
the remolded samples, neglecting the VEMA-32 samples. The 
only sample series having a qfd/crc ratio similar to the 
MARA samples is PI-18 Vertical. However, in comparing 
water contents of these samples, those of the undisturbed 
samples are higher by 2 3 % , (w = 8 7 % versus w = 64 % ) than the 
\ 
PI-18 series. The qfd/crc ratios for the PI-2 Vertical sam-
ples are slightly greater than those of the V-32 200 cm 
series, (0.77 versus 0.70) at the same water content, 77%. 
The normalized strengths derived using method #3 (drained 
analysis) are a function of both c and ¢ (the influence of 
c is minimal) . Comparisons based on the normalized drained 
strengths will therefore lead to the same conclusions de-
veloped in the comparisons of the friction angles. 
In summary, the friction angles for the "undisturbed" 
illite samples are greater than for the remolded samples. 
Remolding has a strong influence on the friction angle. 
C) Smectite vs. Illite Samples 
Comparing the vertically oriented smectite and illite 
samples, the drained strengths of the smectite samples are 
greater (Table 6.4). The cohesion intercepts of the smec-
tite samples are in general lower than the illite samples, 
the exceptions include MA-02 GC-04 200 cm (c = O.Okg/cm2 ). 
95. 
These low values should be considered less significant, as 
stated before, when compared to the change in strength re-
sulting from variations in friction angle. The qfd/crc 
ratios, neglecting the horizontal series, of the smectite 
samples are greater than the illite samples (Table 6 . 4). 
The smectite samples have water contents at failure much 
larger than the illite series (see Table 6.2, wf). The 
smectite samples have greater strengths than the illite 
samples, based on a comparison of ¢ values (smectite: 26% 
higher) and qfd/crc ratios (smectite: 50% higher). The 
\ 
smectite samples are less sensitive to remolding as opposed 
to the illite samples which lose considerable strength 
after remolding. 
D) Vertical vs. Horizontal Samples 
Similar differences in behavi or between vertical and 
horizontal samples are observed for both the smectite and 
illite series. In both cases the horizontally oriented 
samples exhibited lower friction angles when compared to 
the vertical samples of the same material: 
Illite ¢ = 
Smectite ¢ = 
Vertical 
24.6° 
36.3° 
Horizontal 
22.8° 
33.4° 
The change in friction angle is greater for the smectite 
than the illite, 2.9° (8.7%) versus 1.8° (7.9%). The co-
hesion intercepts increase for both, 0.009 to 0.025 kg/cm2 
for smectite and 0.013 to 0.025 kg/cm2 for the illite. The 
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l a ratios for the horizontal smectite samples average qf d c 
are 15% lower than the vertical samples (1.27 versus 1.47 
respectively) (Table 6.4). For the illite samples the 
change in orientation decreases the average qfd/crc from 
o.77 to 0.73 (5 . 5%) . As with the c and¢ values, the 
/ - ratio of the smectite samples were more sensitive to qfd 0 c 
sample orientation. 
The strength parameters of the remolded smectite sam-
ples are effected more by sample orientation than the re-
molded illite samples. Remolded horizontal samples when 
' compared to remolded vertical samples of equivalent stress 
exhibit lower friction angles and qfd/crc ratios and higher 
cohesion intercepts. 
E) Comparisons with Other Data 
The values of c and ¢ obtained in the analysis of the 
undisturbed samples are similar to those published by H.J. 
Lee and E.L . Hamilton (1974) in a report from CEL and NUC. 
Samples of pelagic clay (illite) and amorphous iron oxide 
(smectite) were obtained from sites east of MPG-1 (Loca-
tions: 30-47 N Lat.; 135-155 W Long.) aboard the R/V KANA 
KEOKI. CIU, CAU, UU, and creep tests were conducted on 
samples from four cores obtaining the values of c and ¢ 
listed: 
Illite 
Smectite 
c (kg/cm2 ) 
0 . 018-0.034 
0.035-0.042 
¢ (degrees) 
35-36 
37-38 
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Plots of water content and shear strength were comparable 
to those obtained from MPG-1, with pelag~c clay (illite) 
underlaid by a transition material below which is amorphous 
iron oxide (smectite). 
4 Undrained Strength Analysis 6. 
A) Introduction 
To interpret the data in terms of the goals of the 
testing program, the undrained shear strength, qfu' was 
normalized with respect to consolidation pressure (qfu/oc). 
This r~tio, referred to in soil mechanic texts as the c/p 
ratio or the ratio of undrained strength to effective over-
burden pressure (Su/ov0 ), is a basic relationship used to 
compare strengths of different materials or the same ma-
terial under different physical conditions. 
As an example, Skempton and Bjerrurn found a correla-
tion of increasing c/p ratio with increasing plasticity in-
dex for normally consolidated marine clays. Figure 6.92 is 
a plot of this relationship for several marine clays (Meyer-
hof, 1979 and modified by Silva, 1979). Values of c/p for 
the sediments analyzed in this study are also plotted. As 
illustrated, the smectite clays plot below the line at 
high values of plasticity index while the illite clays plot 
above the line at considerable lower values of plasticity 
index. 
The theoretical qf /a ratio was calculated on the 
u c 
basis of four different assumptions and compared with the 
measured values. The five values of the qfu/crc ratio for 
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h sample, values of consolidation stress and A-factor, eac 
and the equations used to calculate qfu/oc are listed in 
Table 6.4 for the samples which were tested as normally 
consolidated. The first listing is the actual experimental 
value of qfu/oc obtained for each individual sample. The 
first method of calculation (#1) derives the value of 
q /cr from the formula: f u c 
sin ¢ + (c/a )cos ¢ 
c (6-3) 
where qfu/crc is a function of the cohesion intercept c, 
the internal angle of friction ¢, and the A-factor of the 
sample at failure Af assuming K0 is equal to unity. The 
ratios of the actual and calculated values (method #1) 
should be approximately the same. Any variation in the 
values is the result of the A-factor or the method used to 
calculate c and ¢. The majority of the qf /a values from 
u c 
these two methods are similar if not identical. The second 
method (#2) uses the above equation but assumes the cohe-
sion intercept to be zero, which gives an indication of the 
degree to which the cohesion intercept contributes to the 
shear strength. The cohesion contributes to approximately 
2% of the undrained strength for the smectite samples and 
9% for the illite samples. The third method (#3) gives 
values of qf /a for drained conditions i.e. no pore pres-
u c 
sure. This indicates the combined effect of the two pa-
rameters c and ¢ on the strength of the samples (see Sec-
tion 6.3) . From comparisons of the drained and undrained 
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strengths, the drained strengths of the smectite samples 
are 220% larger and 163% larger for the illite samples. 
The fourth method (#4) indicates the effect that anisotropy 
would have on the undrained strengths if the value of K
0 
were equal to one-half. Assuming a K0 of one-half as com-
pared to unity reduces the undrained strengths of the smec-
tite by 12% and the illite by 6%. 
Henkel (1960) states that there is a unique relation-
ship between deviator stress at failure and water content 
at failure for tests performed on remolded normally con-
\ 
solidated samples. Whitman (1960) indicates that shear 
strength is a function of many different variables includ-
ing: stress history, soil structure, cementation, inter-
particle bonding, intermediate stress cr 2 , and temperature. 
It is probable that one or two variables will control 
changes in several others. The effect of structure on the 
shear strength of cohesive soils has been studied by many 
investigators. It is generally accepted that an undis-
turbed clay has a natural structure and interparticlebonds 
which upon disturbance and remolding are irreversibly de-
stroyed. In summary it must be emphasized that the shear 
strength of any clay is not a function of consolidation 
stress alone. Jurgenson (1934) states that the qf /cr ra-u c 
tio for an undisturbed clay will be less than a remolded 
clay of the same material, due to the higher water con-
tents observed in the undisturbed sample at failure. The 
difference in water content indicates a dissimilar struc-
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ture between the two samples, the sample with the higher 
water content having a greater void ratio. If the un-
drained strength of undisturbed and remolded samples is to 
be compared, they must be compared under the same condi-
tions, i.e . the same water content (void ratio). Compar-
ing the undisturbed samples LL-44 GPC-3 and MARA-02 GC-04 
to remolded samples of the same material and simulated 
depth, PS-18 and PI-2 (see Table 6.2), the difference in 
initial water content (wi) indicates a change in structure 
due to remolding. 
' 
B) Undisturbed vs . Remolded Samples 
Comparing the qf /a ratios (see Table 6 . 4) of the re-
u c 
molded and undisturbed samples, the ratios (method one) are 
all similar excluding the samples PS-18 #1 and #2. How-
ever, the ratio of qf /cr for undisturbed samples should be 
u c 
less than that of the remolded samples if Jurgenson's hy-
pothesis is correct since the water contents are consider-
ably higher. The high qf /a ratios of the undisturbed 
u c 
samples could be caused by physic-chemical factors in the 
samples which are destroyed after remolding . As a corrol-
lary to the statement by Jurgenson, if a remolded and an 
undisturbed sample have the same qf /a ratio and the un-
u c 
disturbed sample has a higher water content (void ratio), 
then the undisturbed sample is of greater strength. Con-
sidering the higher water content of the undisturbed sam-
ples and the similar strength ratios, the undisturbed 
smectite samples have a greater strength . For example, 
101. 
comparing the LL-44 sample series to PS-18 Vertical, the 
tl.· ve q /a ratios (method two) are 0 . 44 versus 0.47. respec f u c 
The failure water contents for the same series are 154% for 
LL-44 versus 109% for PS-18 . T .O' reduce the water contents 
of the LL-44 samples to values similar to the PS-18 samples 
would require a considerably higher consolidation stress, 
resulting in a higher shear strength. The consolidation 
stress required to decrease the water content of the LL-44 
samples can be approximated assuming a linear relationship 
between water content and the log of the consolidating 
\ 
stress. The change in consolidation stress required is ex-
pressed as: 
!::.a = a 
0 
(10 
wo-w 
c 2 
c 
- 1) 
( 6-4) 
where a0 is the original consolidation stress, w0 is the 
original water content, w is the water content desired 
and Cc' is the value of Cc determined in a one-dimensional 
consolidation test diveded by the specific gravity of the 
sediment. The term C is the slope of the virgin consoli-
c 
dated portion of the e-log a curve . Using Equation 6- 4 , 
the increased consolidation stress was 2.5 times the ori-
ginal stress . Therefore , the undisturbed samples are 
slightly less than 2 . 5 times stronger than the remolded 
samples at the same water content . 
The undisturbed MARA illite samples have strengths 
greater than the remolded samples, neglecting the VEMA 
samples. The low strength values of the VEMA samples were 
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discussed in Section 6.3 and therefore these samples will 
be omitted from the undrained analysis. Comparing the un-
disturbed sample MA-02 GC-04 238-245 cm with the remolded 
sample PI-2 #1, both were consolidated to equal pressures, 
however the final water content of the undisturbed sample 
is 29% greater (88. 7% versus 68. 9%) (Table 6. 2). The cor-
responding qfu/crc ratios are 0.375 (undisturbed) versus 
0.330 (remolded). Using Equation 6-4, the stress required 
to decrease the water content of MA-02 GC-04 238-245 to 
that of PI-2 #1 is 2.5 times the original consolidating 
' stress. Comparing the MARA 2 O O cm samples ( qf /a = O. 3 7) u c 
to the PI-18 samples (qf /a = 0.45), again the differences 
u c 
in water content must be considered, w = 87% (average val-
ue) for the MARA sample and w = 64% (average value) for 
PI-18 samples. Again, using Equation 6-4, the consolida-
tion stress required to obtain equal water contents is ap-
proximately three times greater. This results in un-
drained strengths of 1.09 kg/cm2 (MARA-02 200 cm) versus 
0.45 kg/cm2 (PI-18) when consolidated to 1.0 kg/cm2 . 
Undisturbed samples have similar and/or lower qf /a 
u c 
ratios than the remolded samples when compared at the 
same consolidation stresses (with different water content). 
At equal water contents, the undisturbed samples would 
have much greater shear strengths . 
C) Smectite vs. Illite Samples 
In comparing the smectite and illite, an overall 
tendency for larger qfu/crc ratios is exhibited by the 
Ctite samples (see Table 6.4). sme 
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The only inconsistent 
values are for the PS-18 Vertical and the PI-18 Vertical 
samples. Again the influence of water content at failure 
must be considered in the analysis since the water con-
tents at failure for the smectites are much larger than 
those of the illite samples . Taking both factors into 
consideration, the qfu/oc ratio and the water content at 
failure, the smectite samples are judged to be stronger 
than the illite samples. 
D) Vertical vs. Horizontal Samples 
' 
Comparisons of the vertical and horizontal oriented 
samples are difficult due to the inconsiste ncies of the 
PS-18 Vertical sample values. Using the average value of 
qf /cr for these samples and comparing them to the PS-18 
u c 
Horizontal samples, the strengths are identical. Compar i ng 
the samples at the same water content, the horizontal sam-
ples are 50% stronger. The vertical illite samples exhibit 
a higher qfu/crc ratio (21% higher) than the horizontal 
samples. The available data makes further comparisons im-
possible. It should be stated that the orientation has an 
effect upon the strength parameters. 
E) Undrained Strength vs. Depth 
To illustrate how triaxial parameters can be used to 
predict shear strengt h, the following analysis is pro-
vided. Lee (1974) outlined a method to determine un-
drained strength with depth in a core . The triaxial fail-
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ure parameters c, ¢, and Af obtained from surficial sedi-
mentary material were used to extrapolate the undrained 
strength in the deeper sediments . The formula used (same 
as method four of Table 6-4): 
¢. + (c/a 
c 
cos ¢) 
sin 93 
( 6-5) 
takes into account the difference in horizontal and verti-
cal in-situ stresses by including the term K0 , the at-rest 
earth pressure (K0 is the ratio of horizontal to vertical 
\ 
effective stress) . 
This method was used to determine the undrained 
strength versus depth using LL-44 GPC-3 material proper-
ties. The strength profile generated served as a check on 
the vane shear provile. Values of water content (476 data 
points) and specific gravity (70 data points) were entered 
into an interpolation program which calculated values of 
water content and specific gravity at every 10 centimeters 
to a depth of 24.4 meters. The submerged unit weight was 
then calculated and integrated with depth to produce a 
profile of effective overburden stress versus depth. 
As stated in Section 2 . 7, three distinct materials 
were observed i n the GPC-3 core, an upper layer of illite 
material, a transition layer, and the smectite . The ratio 
of qf /cr was determined for each of the three layers us-u c 
ing the values i n dicated: 
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c ¢ Af Ko 
Illite 0.00 34.0 1.00 0.55 
Transition 0.050 33.0 0.80 0.55 
Smectite 0.016 35.5 0.80 0.60 
No K0 
consolidation tests were run on these sediments, 
therefore only approximate values of K0 were available. 
However small changes in the value of K0 should not dras-
tically change the ratio of qfu/oc. 
Using the three ratios of qf /o and the profile of 
u c 
ac (ef\ective overburden stress) with depth, the undrained 
strength was calculated at every 10 centimeters to a depth 
of 24.4 meters. These values have been plotted with the 
values of vane shear strength (see Section 2.4) in Figure 
6.93. The fit of the derived values to the measured values 
of vane shear strength is excellent. The comparison of 
strengths indicate several important points. One, the 
factor of K0 should be included into the strength calcula-
tions . Second, the comparison serves as a check on the 
vane shear measurements. Third, the quality (lack of dis-
turbance) of the triaxial samples is indicated. Disturbed 
samples would produce lower strength values in comparison 
to the vane shear values. The vane shear tests were run 
aboard ship and therefore received less disturbance due to 
handling, shipping and Semple preparation. 
Also included in Figure 6 . 93 is a "best fit" plot of 
undrained strength versus depth. The equation of this plot 
is: 
S (z) = 0.2 ln (l+0.1149z) 
u 
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(6-6) 
where z is the depth in meters and Su (z) is the undrained 
strength in kg/cm2 . This formula (Burchett, 1979) was ob-
tained by fitting a curve to the vane shear values. The 
previous method uses the actual material failure parameters 
to obtain the strength profile and should be considered a 
more exact method of prediction. The log equation tends to 
underestimate the shear strength below 15 meters. 
6.5 Hyperbolic Data Analysis 
A) In~roduction 
The hyperbolic analysis discussed in Chapter 5 was 
applied to the test data from each series of samples and 
the results are discussed in this section. The parameters 
of initial tangent modulus Ei, ultimate deviator stress 
(cr1-0 3)ult and deviator stress ratio Rf are listed in Table 
6.2. Values of the modulus number K and modulus exponent 
n are listed in Table 6.3 for each series. The data is 
discussed in order of presentation of the Figures at the 
end of this chapter. 
B) Data Analysis 
When the stress-strain curves of the LL-44 GPC-3 sam-
ples (Figure 6.1) were transposed (plotted as E/(01 -0 3 ) 
vs. E), negative values of intercept were obtained. This 
resulted in a negative value of E. and therefore an in-
1 
Valid hyperbolic stress-strain curve . These samples had 
strain softening effects, causing the values of E/(01 -0 3), 
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after failure, to increase more than samples which showed 
constant stress after failure. This results in a steeper 
least squares fit line and thus a negative intercept. A 
possible correction could be made by using only two points 
before failure for the transposed curve. However, it was 
decided to use the same method of analysis throughout the 
test program . The slope of the transposed curve was still 
used to determine an ultimate deviator stress. 
For the PS-9 Vertical samples, Figure 6.15 is a plot 
of the hyperbolic stress-strain curve (solid line) super-
' imposed over the experimental points (+'s). The fit of the 
hyperbolic curve to the experimental points is excellent 
except for sample #4, which exhibited fluctuations in the 
experimental points . As samples #1 and #2 yielded, there 
was a tendency by the hyperbolic analysis to overestimate 
the experimental points. The initial tangent modulus (Ei) 
and the ultimate deviator stress (cr1 -cr 3)ult should increase 
with increasing confining stress (Wong and Duncan, 1974). 
Thus, both Ei and (cr1 -a 3)ult (Table 6.2) are in error for 
sample #4 (see Section 6.2). 
Figure 6.16 is a plot of tangent Young's modulus ver-
sus deviator stress for the four samples of this series. 
The hyperbolic tangent moduli are represented by the solid 
line, while the experimental values are represented by the 
symbols . In the analysis of the tangent moduli the 
strength at failure is determined by a Mohr-Coulomb equa-
tion . If the stress-path of an overconsolidated sample and 
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its failure point lies above the failure envelope, the 
Mohr-Coulomb analysis will underestimate the true strength 
of the sample. Therefore, the hyperbolic tangent moduli 
for sample #4 are lower than the experimental values, due 
to inconsistent behavior of sample #4. For samples, #1, 
#2 and #3 the hyperbolic moduli match the experimental 
values very well . This indicates the ability of the hy-
perbolic model to simulate the stress-strain behavior of 
this sediment. 
Figure 6 . 24 illustrates the fit of the hyperbolic 
\ 
curve to the PS-18 Vertical sample stress-strain curves. 
The strain softening shown by sample #3 resulted in anega-
tive value of E . . As observed in the PS-9 samples, the 
l 
hyperbolic curve overestimates the experimental valuesdur-
ing yielding for samples #1 and #4. The hyperbolic curve 
for sample #5 is indistinguishable from the experimental 
curve. 
The plots of tangent modulus versus deviator stress 
(Figure 6 . 25) for the PS-18 Vertical samples show very lit-
tle scatter in the .experimental points. The hyperbolic 
model overestimates the moduli for samples #1 and #4 and 
compares satisfactorily with the points of samples #3 and 
#5. 
The hyperbolic stress-strain curves for the PS-18 
Horizontal samples (Figure 6 . 33) again exhibit a very good 
fit, except for sample #8. Compared to the other samples 
in the series, #8 has an Ei value too high and a (01-03)ult 
r 
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value that is too low. The inconsistent values are caused 
by the strain softening of the sample, which decreases the 
intercept of the transposed curve resulting in a high ini-
tial modulus. This also causes a large discrepancy during 
yielding between the hyperbolic and experimental points. 
sample #10 has a low value of Ei and a high ultimate de-
viator stress, which could be caused by the shallower slope 
of the elastic portion of the stress-strain curve. 
The curves of tangent modulus versus deviator stress 
for the PS-18 Horizontal sample are shown in Figure 6.34. 
' Samples #7 and #8 exhibit hyperbolic moduli less than the 
experimental values while the hyperbolic curve is slightly 
above the experimental values for samples #9 and #10. From 
observation of the stress-strain curves of samples #7 and 
#8, the hyperbolic moduli should actually be greater than 
the experimental values. The low values could be caused 
by the assumed values of parameters K and n, which deter-
mine a value of Ei in the formula for tangent Young'smodu-
lus . 
The fit of the hyperbolic stress-strain curve to the 
experimental curve is fairly good for the 200 cm MARA sam-
ples (Figure 6 . 42) . The only discrepancies occur during 
Yielding of samples 228-235 cm and 238-245 cm, which are 
attributed to the steep elastic protion of the experimental 
curves . This factor also results in an erroneously high 
Value of E . for the sample 238-245 cm (Table 6 . 2) . 
l 
Inconsistent values of Ei effect parameters of K and 
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Which result in erroneous values of tangent modulus . n, 
To minimize this effect , the parameters of K and n were 
determined using values of Ei and a 3 from both series of 
MARA samples . This allowed the elimination of inconsis-
tent numbers and thus more representative values were ob-
tained. The modulus exponent n (Table 6.3) when compared 
to typical values (n < 1 . 0) presented by Wong and Duncan 
(1974) is high . Figure 6 . 43 illustrates that the tangent 
moduli determined by the hyperbolic analysis were greater 
at low deviator stresses than the experimental moduli for 
' samples 228-235 cm .and 238-245 cm. 
The variations in the experimental stress-strain 
curves of the 100 cm MARA samples makes comparisons of the 
hyperbolic and experimental points difficult. In Figure 
6.51, it appears that the hyperbolic curve averages the 
variations and produces a "best fit" type plot (ex . MA-02 
GC-04 76-84 cm). A negative initial modulus was deter-
mined for sample 86-94 cm and its hyperbolic curve is not 
presented . The stress paths of samples 86-94 cm and 95-
105 cm did not reach the failure envelope due to equipment 
problems (Figure 6.46) . This causes the hyperbolic analy-
sis to overestimate the deviator stress at failure, re-
sulting in tangent moduli which are too large . Sample 105-
115 cm has an excellent fit of hyperbolic to experimental 
values (Figure 6 . 52) . The experimental moduli plot well 
above the hyperbolic curve for sample 76-84 cm, due to the 
variations in the experimental stress-strain curve. 
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Figure 6.59 illustrates an excellent fit of the hy-
perbolic to experimental stress-strain values for the VEMA 
200 cm series. The excellent fit is attributed to the 
strain hardening of these samples which is better approxi-
mated by a hyperbolic shape . As with the two MARA series, 
the values of Ei and 03 were combined for the two VEMA 
series to determine the parameters of K and n. The fit of 
experimental to hyperbolic tangent moduli (Figure 6.60) for 
this series is considered superior to all others. 
The deeper VEMA samples (400 cm series) show a some-
\ 
what poorer agreement of experimental to hyperbolic stress-
strain values (Figure 6.65) in comparison to the VEMA 200 
cm series. The hyperbolic curve cannot model the strain 
softening observed in the sample 523-533 cm. The high Ei 
value of sample 499-509 cm causes the hyperbolic curve to 
overestimate the experimental values during yielding. Fig-
ure 6.66 shows an excellent correlation between hyperbolic 
and experimental tangent moduli, especially for sample483-
493 cm. The fit of the tangent moduli curves is much bet-
ter than the fit of the stress-strain curves. 
The hyperbolic stress-strain curves of the PI-18 
Vertical samples (Figure 6.72) exhibit varying degrees of 
correlation with the experimental curves. Sample #1 has a 
high value of initial tangent modulus (Table 6.2), as a re-
sult of the strain softening . Sample #2 has a poor fit of 
hyperbolic to experimental points due to the low initial 
modulus, while samples #3 and #4 have excellent fits of 
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calculated to experimental values . Excluding sample #4, 
the hyperbolic tangent moduli exhibit a poor correspon-
dence to the experimental points (Figure 6.73). Sample # 3, 
which had an excellent fit of stress-strain curves, has 
experimental moduli above the hyperbolic curve. However, 
the stress path of this sample (Figure 6.69) plots above 
the failure envelope, resulting in the high experimental 
tangent moduli . The inferior match shown by sample #1 and 
#2 is due to the general shape of the experimental stress-
strain curve . 
\ 
The hyperbolic curves of the PI-2 Vertical (Figures 
6.81 and 6 . 82) and Horizontal (Figures 6 . 90 and 6.91) sam-
ples are of poor quality due to the variations in the ex-
perimental points and therefore will not be discussed. In 
tests which have such variations, the hyperbolic analysis 
could be used to obtain an approximate stress-strain curve. 
C) Summary 
The majority of samples exhibit an excellent correla-
tion between the hyperbolic and experimental stress-strain 
curves. The exceptions are the samples that exhibit strain 
softening, which the hyperbolic analysis cannot model. The 
hyperbolic tangent moduli, based on Mohr-Coulomb theory, 
are affected by several parameters, which are derived from 
the experimental data . The major advantage of the hyper-
bolic analysis is its simplicity. The parameters required 
to determine tangent Young's modulus can be obtained from 
unconfined compression, drained or undra i ned triaxial tests. 
6.6 
A) 
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Lateral Strain and Poisson's Ratio 
Introduction 
The procedures used to measure lateral strain were 
discussed in Chapter 4. Included in the chapter was an ex-
planation of the analysis used to calculate Poisson's ratio 
from the measured lateral and vertical strains. The fol-
lowing section is a qualitative analysis of the measured 
lateral strains and calculated Poisson's ratios as deter-
mined in this test program. The results are discussed se-
parately for the smectite and illite samples for ease of 
\ 
presentation and values of lateral strain and Poisson's ra-
tio are listed in Table 6 . 5 at several vertical strains. 
B) Calculated Poisson's Ratio-Smectite 
The four smectite series each had two samples from which 
lateral strains were measured . Excluding the PS-9 series 
(Figure 6.13) similar lateral strains were measured (Table 
6.5) in the three series: LL-44 GPC-3 1800 cm (Figure 6 . 6), 
PS-18 Vertical (Figure 6 . 21) and PS-18 Horizontal (Figure 
6.31). The agreement of the values indicates the abilityof 
the lateral strain gauge to accurately measure lateral de-
formation. The different strains of the two PS-9 Vertical 
samples could be a function of stress history, both samples 
were overconsolidated . Sample #4, for this series, ex-
hibited inconsistent behavior when compared to the other 
samples in the series. Sample PS-9 #3 has a lateral strain 
of approximately 15% at the end of the test, similar to 
that observed in the sample PS-18 Vertical #1 . Samples 
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ps-l8 vertical #1 and #3 (normally and overconsolidated, 
respectively) would suggest that lateral strain is not a 
function of stress history . However, the analysis of the 
illite samples and the PS-9 Vertical samples indicate stress 
history does influence the lateral strains. 
comparing the calculated Poisson's ratios for the four 
series, it is observed that small differences in lateral 
strains are amplified in the plots of Poisson ' s ratio for 
the series LL-44 GPC-3 1800 cm (between 1 and 7% vertical 
strain , Figure 6 . 1), PS-18 Vertical (Figure 6 . 23) and PS-18 
' Horizontal (Figure 6 . 32) . The PS-9 Vertical samples #3 and 
#4 (Figure 6 . 14) show large discrepancies due to the dif-
ferences in lateral strains. Excluding the LL-44 samples, 
all the samples had values of Poisson's ratio less than 0.5 
throughout the range of vertical strains (Table 6.5). Pois-
son's ratio exceeds 0 . 5 for the LL-44 samples at 10% verti-
cal strain (Figure 6 . 7 and Table 6.5) . The large Poisson's 
ratios are due to an incorrect assumption of the deforma-
tional shape of the sample. 
For the majority of samples, Poisson's ratio peaks at 
very low strains (<2%} and then gradually increases with 
increasing vertical strain . This peak corresponds with the 
beginning of yielding for some of the samples (ex . PS-18 
Vertical #1 and #3, Figure 6 . 23 and PS-9 Vertical #3 and #4, 
Figure 6 . 14) . 
C) Calculated Poisson's Ratio-Illite 
The lateral strains measured for the four illite se-
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. 5 MA-02 GC-04 200 cm (Figure 6.40), MA-02 GC-04 1800 rie , 
cm (Figure 6.49), PI-2 Vertical (Figure 6 . 79) and PI-2 
Horizontal (Figure 6 . 88) show nearly identical values for 
several of the samples (Table 6.5). The normally consoli-
dated MARA samples (228-235 cm, 238-245 cm, 105-115 cm and 
86 _94 cm) all exhibit near identical lateral strains at 10% 
vertical strain (8.9%, 9.8%, 8% and 9%, respectively). The 
overconsolidated samples (216-224 cm and 76-84 cm) both 
have smaller strains than the normally consolidated samples 
(Figures 6 . 40 and 6 . 49) . This behavior is also observed in 
\ 
the PI-2 Horizontal samples (Figure 6 . 88) . Sample PI-2 
Horizontal #8 was consolidated to a higher stress than sam-
ple #9 and also has larger lateral strains . The lateral 
strains at 10% vertical strain for samples PI-2 Horizontal 
#6 and #7 (both normally consolidated) approximate those of 
the undisturbed normally consolidated samples (Table 6.5). 
The overconsolidated samples PI-2 Vertical #4 and #5 have 
lateral strains at 10% vertical strain similar to those ob-
served for samples PI-2 Horizontal #8 and #9 (Table 6.5) . 
Comparing the Poisson's ratios of the four seriesMA-02 
GC-04 200 cm (Figure 6.41) and 100 cm (Figure 6.50), PI-2 
Vertical (Figure 6 . 80) and PI-2 Horizontal (Figure 6 . 89), 
several samples have values greater than 0 . 5 (see also 
Table 6 . 5) . The four normally consolidated MARA samples 
(228-2 35 cm, 238-245 cm , 105-115 cm, and 86-94 cm) all ex-
ceed 0 . 5 before reaching 8% vertical strain . This i s also 
true of the normally consolidated samples PI-2 Horizontal 
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16 and #7. All the overconsolidated illite samples have 
Poisson's ratios less than one-half (ex . PI-2 Vertical #4 
and #5 and PI-2 Horizontal #8 and #9) (see Table 6.5). As 
observed with the smectite samples, the majority of samples 
show a peak in Poisson's ratio (between 0 . 2 and 0 . 45) at 
low vertical strains (less than 3%), then a gradual in-
crease in Poisson's ratio with increasing vertical strain . 
Although the peak does not occur at yield for all the sam-
ples, there appears to be a trend for the peak to occur in 
the proximity of the y ield strain. 
\ 
The calculated Poisson's ratio is a function of the 
deformational shape assumed . Evidently, the factor of 2/3 
does not adequately correct the calculated values of Pois-
son's ratio (see Section 4 . 5) . The apparent correlation 
between stress history and Poisson•s ratio observed in the 
illite samples is a result of the influence of stress his-
tory on the deformational shape of the samples . 
D) Area Correction 
Using the lateral deformation measurements, the true 
sample area was calculated and compared to the standard 
corrected area used in triaxial test calculations. The 
standard area correction calculates an average cross-sec-
tional area and at large axial strains produces erroneous 
Values. Bishop and Henkel (1962) suggest other equipment, 
such as a torsional shear apparatus, be used to determine 
shear strength at large strains to avoid the problems of 
calculati ng a sample cross-secti onal area . The true area 
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was calculated from the measured diameter at mid-height 
(the 2/3 factor used to calculate Poisson's ratio was not 
included). Figures 6.94 to 6.97 show typical comparisons, 
where the solid lines represent the standard corrected area 
and the dotted lines represent the true area. For the ma-
jority of samples, the standard correction underestimates 
the true area of the samples at the mid-plane. 
Roscoe et. al, (1963) measured radial strains optical-
ly on drained extension and compression triaxial tests on 
sand samples . At an average axial strain of 10%, the stan-
\ 
dard area correction was 16% as compared to the "true" area 
correction of 33%. However, they suggest using the standard 
correction, recognizing an overestimate of the true stress 
results. 
Figures 6.98 to 6.105 compare the stress-strain curves 
for several samples using the areas by both methods, where 
the solid lines represent the standard correction and the 
dotted lines the true area. Comparing the stress-strain 
curves from the two methods, for the majority of samples 
variations are not observed for vertical strains less than 
5%. The stresses calculated by the two methods diverge 
after 5% vertical strain, with large discrepancies at the 
end of the test, 19.8% vertical strain. 
A few samples, PS-9 #4, PI-2 #9 and all the PI-2 Ver-
tical and PS-18 Horizontal samples had true areas less than 
the standard corrected areas. No reason for the smaller 
true areas can be given. 
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Lateral deformation measurements indicate the standard 
area correction is in error for vertical strains greater 
than 5%. The majority of samples have true areas greater 
than the standard area, resulting in deviator stresses af-
ter 5% axial strain that are in error. 
E) conclusions 
Values of Poisson's ratio calculated from direct mea-
surement of lateral deformation in an undrained test are 
greatly influenced by sample deformational shape . Assuming 
a paral:f>lic shape, the ratio of lateral to vertical strain 
was multiplied by a correction factor of 2/3. However, 
values of Poisson's ratio greater than one-half were still 
obtained . Assuming small strain theory applies, under no 
volume change conditions (undrained) Poisson's ratio is 
one-half. Poisson's ratio is an elastic parameter and as 
such should only be determined in the linear-elastic range 
of the stress-strain curve. 
For a majority of samples, Poisson's ratio at small 
vertical strains exhibited peaks between 0 . 3 and 0.45 and 
then continued to increase with further vertical strain . 
The strain at which the peaks occurred corresponded to the 
Yield strain of the samples. The values of Poisson's ratio 
calculated in this range are sensitive to small fluctua-
tions in lateral strain . It is debatable whether or not to 
include the correction factor of 2/3 at these low vertical 
strains . Considering all the possible sources of error, 
the direct measurement method of determining Poisson ' s ra-
119. 
tio appears to be inadequate . Drained triaxial tests 
would be a more accurate method of determining Poisson's 
ratio. 
Lateral deformation measurements were used to calcu-
late the true area of triaxial samples at mid-height. For 
a majority of samples, the standard area correction, used 
to calculate the average cross-sectional area during uni-
axial compression, diverges from the true area after 5% 
vertical strain . The deviator stress calculated using the 
true area represents a lower bound value. To simplify cal-
\ 
culations, Roscoe et. al, (1963) suggest the standard area 
correction be used, recognizing the stress calculated will 
be an overestimate . 
Sample ID 
LL-44 GPC-3 
187 5 
PS-9 
PS-18 
MA-02 GC-04 
76 - 84 
86 - 94 
95 - 105 
105 - 115 
215 - 225 
226 - 236 
237 - 247 
Sand 
% 
0.7 
0.6 
0.3 
Trace 
fl 
fl 
fl 
fl 
fl 
fl 
Table 6 .1 
Material Properties 
Grain Size 
Silt Clay Median 
% % microns 
42.3 57.0 1. 5 
23.0 76.4 0.8 
26.6 73.1 0.8 
33.6 66.4 1.1 
34. 8 65.l 1. 3 
30.3 69.7 1.1 
33.9 66.0 0.9 
29.9 70.1 1.1 
29.7 70.3 1. 0 
30.0 70.0 1.0 
(Continued) 
W1 
% 
205 
220 
227 
94 
83 
86 
88 
99 
87 
100 
, 
WP 
% 
96 
95 
92 
38 
36 
44 
37 
48 
46 
51 
Activity 
1.9 
1.6 
1.8 
0.8 
0.7 
0.6 
0.7 
0.7 
0.6 
0.7 
IL Gs 
1. 0 2.72 
0.6 2.87 
0.3 3.00 
1.4 2.72 
1.5 2.71 
1. 8 2.97 
1.5 2.73 
1.1 3.00 
1.5 3.00 
1.2 3.02 f-' I\.) 
0 
. 
Sample ID 
V-32 PC-115 
235 - 245 
475 - 545 
535 - 545 
PI-2 
PI-18 
Sand 
% 
0.1 
0.1 
0.3 
0.3 
0.3 
Table 6.1 (continued) 
Grain Size 
Silt Clay Median 
% % microns 
33.5 66.5 1.2 
28.7 71.1 0.9 
25.3 74.5 0.8 
33.4 66.3 1.0 
33.6 67.1 1.0 
W1 
% 
87 
112 
125 
83 
85 
Wp 
,. 
Activity 
% 
45 0.6 
45 0.9 
50 1.0 
40 0.7 
52 0.5 
IL 
1.4 
0.9 
0.9 
1.2 
0.5 
Gs 
2.70 
2.70 
2.69 
2.84 
2.86 
f-' 
N 
f-' 
Sample I. D. 
LL-44 GPC-J 
18 59 - LB68 
1873 - L88J 
I 845 - 1B 57 
PS- 9 Ve rti c a 1 
14 
IJ 
II 
12 
PS-18 Vertical 
15 
13 
11 
14 
OJ 
kg/cm2 
I . 4 78 
l . 900 
2 . 252 
0. 048 
0. 141 
0. 500 
0. 851 
0. 097 
0 . 302 
0. B5 1 
l. 400 
PS- LB Ho rizo ntal 
19 
18 
110 
17 
MA- 02 GC-04 
216 - 224 
238 - 245 
22B - 235 
MA-02 GC - 04 
76 - 84 
86 - 9 4 
9 5 - I 05 
1 05 - 115 
o. 097 
0 . 284 
0. 795 
1. 3 68 
o. ll J 
0. 563 
0. B44 
0. 065 
0 . JSB 
0. 4 29 
o. 704 
•f 
' 
6 . 8 
8. 6 
9 . B 
2. 0 
10.0 
8 . 8 
15 . 8 
5. 0 
3. 2 
12. 4 
12 . 8 
10 . 2 
10. 4 
9. B 
16 . 0 
6. 8 
7. 2 
LO. 0 
2. 4 
5 . 4 
9. 0 
7 . 8 
•v 
l lJ.li 
22 . 8 
J B. 3 
2 . l 
I. B 
9 . 5 
19. 3 
-2 . 7 
2 . 0 
9. 4 
12 . B 
-2. 4 
l. 3 
B. 9 
1 5. 4 
4 . 4 
17 . 3 
19. 4 
1.1 
L2 . 6 
1 3. B 
19 . C} 
( U 1- <J J} f 
kg/cm2 
1. JJ(1 
l. 620 
2 . 570 
0.192 
0. 207 
0. 444 
0. 744 
0. 266 
0. 4 50 
0 . B66 
l. 2 10 
0. JOO 
0. 464 
0 . 71 6 
1. 302 
0 . 132 
0. 4 22 
0. 6 16 
0. J B2 
0. 2 48 
0. 2 l 0 
0 . 5 4 0 
Uf 
kc; / cm2 
I . 11 2 4 
1 . 1n 
l.(1'; 4 
0 .027 
0. 09 l 
0. 370 
0. 625 
0. 036 
0. I 59 
0. ';6 4 
0.995 
0. 003 
0. 14 6 
0. 5 20 
0.8B2 
0 . 0 74 
0. 4 05 
0 .613 
0 . OJB 
0. J 'j'J 
0 . 220 
0 . .. ,29 
1".ablu 6.2 
'lr1.;1XLJI l•"allun.• p,,ran~t.~r s 
;; 1/ 03 
3 . 90L 
3. B79 
5. 30 1 
LO. 411 
5. 093 
4. 4 36 
4. 2 BO 
5 . 330 
4. l 60 
4.01 3 
3. 98 3 
4. l 69 
4. 365 
3. 606 
3. 6B2 
4. 37 8 
3. 6 79 
3. 655 
7. 773 
2 . 2 4 5 
2 . OOB 
4 . OBS 
At 
0. 7 7 8 
0. 8 25 
0. 6 4 3 
0 .14 3 
0. 4 5 1 
0. 835 
0 .841 
0 . 1 36 
0. 353 
0. 5 64 
0. 995 
0 .00 9 
0. JlS 
0.727 
0.677 
0. 56 L 
0.9 5 B 
0. 996 
0. 2 10 
0 . 64 l 
I. 04 1 
C) . 978 
4f 
kg/cm2 
0. c, r, A 
I). 8 10 
l. 285 
0. 0 96 
0. ! OJ 
0. 222 
o. 372 
0 .133 
0 . 2 25 
0.433 
I. 6 0 5 
0 .150 
0 . 232 
0 .358 
0. 65 1 
0. 066 
0 . 2 11 
0. 30 8 
o. 091 
0 . l 2 4 
0. 10 5 
0. 270 
Pf 
kg /cm2 
,. 
I. I 1 1 
l . 173 
l. 88 l 
0 . 11 6 
0. 1 5 l 
0. 35 l 
0. 59 B 
0 . l 9 4 
0. 36B 
0. 72 1 
l . 010 
0. 2 4 5 
0. 369 
0.633 
l.I J"/ 
0. LOS 
0. 369 
0 . 539 
0 . 118 
0.323 
0 . J l 5 
0 . 4'1 .. , 
wl 
' 
OJ . '> 
19 l. 6 
20 1 . 9 
17 5 .) 
166 . 4 
l 76 . 7 
170. 2 
l 2B . 4 
1 26 . 2 
1 32 . 7 
1 27. 7 
1 27 . B 
133.6 
L 26. 4 
l J2 . 9 
I 05. 8 
l 07. 9 
l 08 . 3 
l l 3. 6 
l 05 . 4 
12 l. 0 
ll 5 .] 
wf 
' 
15 (1. 5 
L52 . I 
128 . 9 
L6 3 . 0 
153.0 
129. 4 
l 2L . 6 
131. 2 
129 . 6 
Ill. 5 
106. B 
IL 2. 2 
1 30. 9 
122. 5 
11 7. 3 
9 4 . 6 
BB. 7 
76. 6 
103. 9 
96. B 
95. 4 
95 . 7 
( Ol-u 3) ult 
l. 208 
I. 4 64 
2 ' 409 
0. 267 
0. 210 
0. 5 33 
0. 799 
0 . 2B4 
0. 39 3 
O. B62 
1. 2 40 
0. 315 
0 . 4 37 
0 . B41 
l. 30 7 
0.1 4 0 
0. 4 ll 
0 .6 11 
0. 20 7 
0. 23 1 
0. 217 
0. 5 3B 
kq~~m2 
4B . Bl 
25. 59 
36. 04 
79 . 59 
4 6 . 00 
1B4. 05 
20B. 5 
32. 53 
359. 21 
48 . 2B 
1 50 . 4 9 
26. 0 
6 14. 7 
299 . B 
11. 9 
4 7 . ) 
20• . 9 
Rt 
t. n 
l. 0 
I. n 
0 . 72 
0. 96 
0. Bl 
0. 96 
0. 9 4 
1. 1~ 
l. 0 
0 . 9B 
0 . 95 
I. 0 0 
0. BS 
0. 99 
0. 94 
1. 0 
1. 0 
0. BB 
l. 0 
o. 97 
l. 0 
f-' 
N 
N 
Sa11ple I. o. 
V-12 PC-115 
206 - 216 
219 - 229 
232 - 242 
V-32 PC-115 
481 - 49 l 
499 - 509 
523 - 5ll 
PJ-18 Vertical 
14 
I) 
II 
12 
Pl-2 Vertical 
14 
15 
12 
11 
kg/c• 2 
0. 561 
1.126 
1.688 
0 . 141 
0 . 844 
1.689 
0.162 
0.400 
1.011 
1. 581 
o. 026 
o. 054 
0.294 
0 . 561 
PI-2 Horizontal 
19 
18 
17 
16 
0 . OJO 
0. 051 
o. 291 
o. 563 
• t 
I 0 . 2 
10. 2 
10 . 4 
9 . 6 
10 . 9 
11. 5 
6 . 0 
10 . 2 
6 . 8 
8 . 6 
2. 6 
2 . 6 
I. 8 
2. 2 
4 . 4 
4 . 2 
6 . 2 
J . 6 
,. 
v 
ll . 7 
20 . 2 
24. 8 
7. 5 
12. 7 
26 . 0 
-1 . 1 
0 . 6 
6.1 
8 . 5 
o. 5 
0 . 9 
12 . 7 
16 . 2 
-o. 4 
0. 4 
6 . 1 
20 . J 
l n 1 - 0 3lf 
o. 186 
0 .692 
0 . 996 
o. JJ4 
o. 716 
1.272 
o. 808 
0.822 
L. 062 
I. 568 
o. 666 
0 . 124 
0 . 212 
0. 372 
0 . 06 4 
0. 144 
0. 18 6 
0. 282 
kq/cm2 
o. 147 
0. 698 
0. 99 5 
0.047 
0. 541 
1.077 
-o .1 02 
0 . 210 
0 . 666 
0. 991 
0. 020 
0. 018 
0 . 161 
0 . Jl I 
0 . 026 
0 . 041 
n. 204 
o. 4 110 
Tdb l c fl. 2 (cont i nuc-<J) 
;; I 1'11 
2. 795 
2. 622 
2. 416 
4. 570 
l. 161 
J. 08 I 
4 . 071 
5 . 325 
4 . 078 
J . 649 
12. LH 
9. 251 
2 . 750 
2. 60) 
17 . 5(1 7 
Ir). H2r, 
) , 11 '1 
'). 7 2 4 
"t 
0 . 898 
L.009 
0. 999 
0.141 
0. 756 
0 . 847 
-0. L 25 
0 . 255 
0 . 628 
0. 629 
0. 29 4 
0 . 109 
0 . 694 
0 . 892 
0. 411 
0. 2% 
I. I 0 I 
I. 41 9 
kq / cm 2 
0 . 191 
0 . 146 
0 . 498 
0 .16 7 
0 . 358 
0. 616 
0 . 404 
o. 411 
0 . 5ll 
0. 784 
O. OJJ 
o. 062 
0. 116 
0 . 186 
0 . 032 
0.072 
0 . 091 
0 . 141 
kg/cm 2 
0. 409 
o. 771 
I . 192 
0 . 261 
0 . 661 
I . 248 
0 . 688 
0.601 
0 . 876 
I. 376 
o. 040 
o. 077 
0 . 249 
0 . 417 
0 . 016 
o. 082 
o. 180 
0. 304 
,. 
"i 
'. 
99 . 9 
I 02. 5 
105. 6 
106 . I 
111 . 1 
116 . 8 
71. 2 
70. 4 
67.l 
10 . 4 
90 . 0 
90 . l 
9L. q 
ff 7. J 
I 
Hf.. 7 
'lO. 4 
1)0. 8 
'Hl.u 
"t 
' 
74 . 8 
74. 5 
67. 8 
95 . 8 
84.4 
67. 1 
6 7 . 8 
66 . 9 
60.1 
87. 2 
86. I 
74.4 
68. 9 
88. 0 
81. 2 
7 S . IJ 
f1 I. R 
( n l - u J) ult 
0 . 425 
0 . 755 
I. 072 
0. 161 
0. 161 
o. 736 
0 . 959 
0. 829 
1.018 
1 . 857 
0. 062 
0 . 156 
0. 226 
o. JJ7 
0 . 097 
0. 176 
0 . 168 
0 . Jl2 
kq~~m 2 
67.25 
121. 04 
188 . 44 
36. 27 
16. 21 
245.51 
87 . 0 
229. 7 
7ll.6 
151 . 8 
16 . 6 
12. 0 
97 . 7 
1. 7 
14 . 5 
4 l . 5 
Rf 
0. 91 
0. 92 
0.9) 
0. 91 
0 . 91 
0. 97 
o. 84 
0. 99 
I. 0 
0. 84 
1. 0 
0. 79 
1.0 
1. 0 
o. 66 
o. 82 
I. 0 
o. 85 ...... 
l\J 
w 
Table 6.3 
Triaxial Test Results 
_o 
-
, 
-0 
a 00 c ¢ K 
Sample Series kg/cm2 Degrees kg/cm2 Degrees kg/cm2 n 
-
LL-44 GPC-3 0.013 30.1 0.016 35.5 
1800 cm 
PS-9 Vertical 0.009 31.2 0.011 37.3 70.80 0.56 
PS-18 Vertical 0.007 30.6 0.009 36. 3 181.97 0.59 
PS-18 Horizontal 0.021 28.8 0.025 33.4 86.86 0.47 
MARA-02 GC-04 
200 cm 0 29.7 0.0 34.8 257.04 1.14 
100 cm 0.026 28.5 0.031 33.0 257.04 1.14 
VEMA-32 PC-115 
200 cm 0.038 21. 3 0.041 22.9 117.85 0.66 
400 cm 0.045 25.3 0.051 28.3 117.85 0.66 
PI-18 Vertical 0.087 26.8 0.101 30.4 133.64 0.25 
PI-2 Vertical 0.012 22.6 0.013 24.6 240.99 0.74 
PI-2 Horizontal 0.023 21.2 0.025 22.8 70.15 0.84 
I-' 
~ 
"'" 
T..ibll! 6 . 4 
NormJl1zeU St.reny ths 
,, ' llctu..i l 
, Metho d of De terminat~o n 
Sample I.D. (kg /~m 2 ) /If Vdlues l 2 3 
LL-44 GPC-3 
18 59 - 18 68 l. 4 78 0 . 77 8 0.445 0.4 46 0 . 4 39 
l.40b 0. 397 
1873 - 188 3 j. 900 0 . 825 0.427 0. 4 2 7 0. 4 22 
l. 401 0. 390 
PS-9 Ve rt. 
11 0 . 500 J . 8 35 0.444 0. 4 4 3 0. 4 31 
1.582 0.408 
j2 0.85 1 0. 841 0. 4 37 0 .436 0.429 1. 564 
0.402 
PS - 18 Ve rt . 
H 0 . 8 ~ 1 0.564 0. 50') 0 . 55 U 0.550 1. 4 72 
0 . 4 38 
i4 l. 4UO 0.99 5 0. 4 J2 0. 377 0. 37 3 
l. 46 4 0 .3 76 
PS-18 Hor iz . 
110 0. 795 0.767 0. 4 50 0 . 44 6 
0. 4 25 1.283 0.396 
17 l. 368 0 .6 77 0.4 76 0 .4 73 
0 . 461 1.259 0.399 
MA-02 GC-04 
238 - 245 0.8 44 0 . 9 S8 0.37 5 0. 375 
0 . 375 1.329 0 . 367 
228 - 2 35 U. 5b3 0 . 'l9b 0.365 0 . 3b4 
0.364 1.329 0.364 
105 - 115 0.704 0.978 0 . 384 0. 382 
0. 358 l.277 0.379 
V-32 PC-115 
20b - 216 0. 563 0 . 9U 0. 34 3 u. 34 8 
0 . 2'l7 0.747 0. 333 
21<; - 22 9 1 . Ub l. 00 0. 307 0 . 304 
o . • mo O.b'Jl 0 . 30 4 
2 32 - 242 l. 6UU l. 00 0.29 5 0. 296 
0. 280 0.67 4 0.296 
499 - 509 0 . 8 44 0 . 7f> 0.4 2 4 
[l . ,, 2 J 0. Jt! O l. 003 0. 377 
...... 
N 
5 2 3 - 53 3 I. ut!Y 0. 8') U.3 7 7 O. J7b 
0. J56 0 . 952 0.349 lJl 
PI - 18 Vert . 
#1 1.011 0 . 694 
#2 1. 583 0.892 
PI-2 Vert. 
#2 0 . 294 0.694 
#1 0.563 0.892 
PI - 2 Horiz . 
#7 0 . 291 1.101 
#6 0. 563 1. 419 
c cos ¢ + 0 c sin ¢ 
1 qf/oc = 
( l+ (2 Af -l) sin ¢ ) Oc 
sin ¢ 2 qtl 0c = 
l+(2Af-l) si n ¢ 
0.525 0 . 495 
0 . 496 0.402 
0 . 395 0 . 393 
0 . 331 0. 33 0 
0.320 0 . 318 
0.251 0 . 250 
3 qf10c 
4 qf / c 
0.42 3 
0.362 
, 
0 . 358 
0.314 
0.264 
0.226 
c cos ¢ + oc sin ¢ 
(1-sin jij)oc 
1 . 199 
1 . 136 
0.78 2 
0.749 
0.762 
0.700 
( K
0
+Af(l-K
0
)) sin¢+ (C/oc )cos ¢ 
1+(2Af - l) sin¢ 
K
0 
= 0. 5 
0 . 4 30 
0.382 
0 . 338 
0. 313 
0. 33 2 
0 . 298 
...... 
!\..) 
O"\ 
Table 6.5 
Lateral Strain and Poisson's Ratio 
EL% at , \J at 
Sample I. D. 2.4% 5% 10% 15% 2.4% 5% 10% 15% 
Smectite: 
LL-44 GPC-3 
1845-1857 1.12 2.73 7.36 14 . 04 0.31 0.36 0.49 0.62 
1859-1868 1. 28 2 . 97 7.23 13.07 0.35 0.40 0.48 0.58 
PS-9 Vertical 
#3 0.88 2.57 6.05 10.69 0.24 0.34 0.40 0.48 
#4 1. 26 2.42 4.79 9.29 0.35 0.32 0.32 0.41 
PS-18 Vertical 
#1 1. 28 3.06 6.91 10.88 0.36 0.41 0.46 0.48 
#3 1.10 2 . 88 6 . 91 10.89 0.30 0.38 0.46 0.48 
PS-18 Horizontal 
#8 0.62 1. 89 4.38 7.40 0.17 0.25 0.29 0.33 
#10 1. 04 2.16 4.64 7.74 0.29 0.29 0.31 0.34 
Illite: 
MA-02 GC-04 
216-224 1.19 3.05 7.10 11. 07 0.33 0.41 0.47 0.49 
228-235 1. 44 3.64 8.87 15.01 0.40 0.49 0.59 0.67 
' 238-245 1. 94 4.35 9.90 16.23 0.54 0.58 0.66 0.72 
~ 
rv 
-..J (Continued) . 
Table 6.5 (continued) 
£L% at 
Sample I.D. 2.4% 5% 10% 15% 
MA-02 GC-04 
76-84 0.66 1. 54 4.65 8.69 
86-94 1. 35 3.36 8.39 12.86 
105-115 1. 61 3.52 8.18 13.24 
PI-2 Vertical 
#4 0.54 0.60 1. 85 3.27 
#5 1. 09 2.23 4.12 7.77 
PI-2 Horizontal 
#6 2.09 4.64 10.16 16.33 
#7 1. 97 5.03 11.11 17.27 
#8 0.70 1. 64 5.22 8.36 
#9 0.33 0.50 1. 30 2.18 
, 2.4% 5% 
0.18 0.21 
0.37 0.45 
0.45 0.47 
0.15 0.08 
0.30 0.30 
0.58 0.62 
0.54 0.67 
0.19 0.22 
0.09 0.07 
v at 
10% 
0.31 
0.56 
0.54 
0.12 
0.28 
0.68 
0.74 
0.35 
0.09 
15% 
0.39 
0.57 
0.59 
0.14 
0.34 
0.73 
0.77 
0.37 
0.10 
f-' 
N 
co 
2.1 
I \ 
I 
~ 
1.1 
1845-1857 oc. 
1873-1883 oc. 
1859-1868 ex. 
STRADI a> 
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Figure 6.1 
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7.1 Introduction 
CHAPTER 7 
DISCUSSION OF RESULTS 
Isotropically consolidated undrained (CIU) triaxial 
tests were performed on eleven series of undisturbed and 
remolded illite and smectite samples, for which Mohr-Coulomb 
parameters of effective cohesion c and effective friction 
angle ¢ were determined. Other stress-strain and Mohr-
Coulomb parameters, including hyperbolic deviatoric stresses 
and tang(nt moduli, lateral strains and Poisson's ratio, 
were determined and have been presented in Chapter 6 in the 
form of plots and tables. This chapter presents a condensed 
analysis of the material presented in Chapter 6. The values 
of c and¢ are summarized in Table 7.1 for each series 
tested, along with results reported in the literature for 
Pacific sediments. The available data reflects the limited 
number of investigations on similar sedimentary materials. 
The results are discussed and comparisons made in accordance 
with the objectives of the study (Section 1.6). The aver-
age normalized drained and undrained strengths and water 
contents at failure are listed in Table 7.2. Pertinent 
equations and procedures to determine the hyperbolic stress-
strain values are presented. A discussion of the measured 
lateral deformations and calculated Poisson's ratios con-
cludes this chapter. 
I I 
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7.2 Mohr-Coulomb Parameters 
The parameters of c and¢ for the smectite samples were 
not significantly influenced by the type of remolding and 
reconsolidation used in this program (see Section 2 . 8). Re-
molded sample series had friction angles greater (PS-9 
vertical, ¢ = 37.3° and PS-18 Vertical, ¢ = 36.2°) and less 
than (PS-18 Horizontal, ¢ = 33.4°) the single undisturbed 
- 0 
series (LL-44 GPC-3 1800 cm, ¢ = 35.5 ) . However, it is 
noted that the core samples probably have some amount of 
undetermined disturbance due to sampling effects and pres-
' sure relief. The cohesion intercepts were all less than or 
equal to 0 . 025 kg/cm2 and therefore contributed to only a 
small fraction of the sample strengths . The values obtained 
in this study for undisturbed smectite samples compare fa-
vorably with those reported by Lee and Hamilton (1974) (see 
Table 7 .1) . 
The remolded illite samples had friction angles con-
siderably lower (6 . 4° average) than the undisturbed MARA 
samples (see Table 7.1). Probable sample disturbance 
(caused by corer design) resulted in lower friction angles 
for the two "undisturbed" VEMA sample series. Silva and 
Clukey (197~) reported test results on illite samples from 
the central North Pacific obtained with a sphincter corer 
(21 . 3 cm I.D . , 21.9 cm O. D. , and 91 cm length) and a spade 
box corer (7 . 4 cm I.D . , 7.6 cm O.D., and 61 cm length). 
Friction angles of 34.0° and 35.8° were obtained from CIU 
triaxial tests. An average sensitivity, from vane shear 
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measurements, of 5.7 was determined for the box core sample, 
indicating a high quality "undisturbed" core. Noorany 
(1971) reported a friction angle of 32 degrees and a co-
hesion intercept of 0.02 kg/crn2 for a pelagic clay (prob-
ably illite; w% = 123) taken from a box corer in the North 
Pacific. Lee and Hamilton (1974) reported c and ¢ values 
of 0.018-0.034 kg/crn2 and 35-36 degrees (see Table 7.1) for 
undisturbed illite samples taken in the North Pacific. Al-
though slightly higher, the friction angles reported corn-
pare favorably with the MARA core results of this study. 
\ 
Mohr-Coulomb parameters of cohesion intercept and 
friction angle determined for three "undisturbed" sample 
series, LL-44 GPC-3, MARA-02 GC-04 100 cm and 200 cm are 
similar to values reported in the literature. Triaxial 
test data from rernolded deep-sea samples could not be 
found in the literature. Olson (1974) studied the effects 
of electrolyte and pH on the residual friction angle of re-
molded sedimented samples of pure kaolinite, illite, and 
montrnorillonite. The friction angles for all three clays 
were controlled by physical factors of particle size and 
shape rather than chemical factors. The larger illite 
particle sizes resulted in larger residual friction angles 
for the illite in comparison to the rnontrnorillonite. Olson's 
conclusions seemingly contradict the results obtained in 
this study. However, there are several significant dif-
ferences between the samples tested in the two programs; the 
major one being the composition of the samples. Olson used 
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pure clays while the two sediments, illite and smectite, 
are composed of several different clays and clay sized 
particles (see Section 2.7). The grain size distribution 
of Olson's samples varied considerably (particle height to 
diameter ratios varied from 2 to 500), whereas the illite 
and smectite samples had similar grain sizes and grain size 
distributions. Also, Olson's study concentrated on compar-
ing the residual friction angles as opposed to peak fric-
tion angles . 
7.3 Undi~turbed versus Remolded Samples 
The friction angle of the undisturbed series (LL-44 
GPC-3) is only 1 . 3° less than the average friction angle of 
the two remolded series (neglecting the Horizontal samples) . 
The normalized drained strengths (qfd/crc) indicate the re-
rnolded smectite samples are slightly stronger than the un-
disturbed samples (see Table 7.2). The average normalized 
undrained shear strengths of the undisturbed smectite sam-
ples are about the same (0 . 44) as the remolded series (0 . 44 
for the PS-9 Vertical and 0 . 47 for the PS-18 Vertical sam-
ples) . Remolded samples should have higher qfu/oc ratios 
due to the denser packing of the particles and lower water 
contents at failure. The high qf /cr ratios of the undis-
u c 
turbed samples are probably due to the inherent structure 
of the samples and possible chemical interparticle bonding . 
To compare the undisturbed and remolded samples at equiva-
lent water contents (i . e . the same void ratio), the confin-
ing stress of the undisturbed samples would have to be in-
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creased, resulting in higher shear strengths. As an ex-
ample, at equivalent water contents the undisturbed LL-44 
GPC-3 samples would have an undrained strength 2.5 times 
that of the PS-18 Vertical samples. 
Neglecting the VEMA samples, the undisturbed illite 
samples have friction angles significantly higher (6.4° 
average) than the remolded samples (see Table 7.1). A dif-
ference of 10.2 degrees is observed between the MARA-02 
200 cm series and the PI-2 Vertical series (34.8° versus 
0 24.6, respectively). The larger friction angles are at-
' tributed to the structure and interparticle bonding in the 
undisturbed samples. The normalized drained strengths 
(Table 7 . 2), being a function of both c and¢, are larger 
for the undisturbed samples. The average normalized un-
drained strength of the MARA samples (Table 7.2) is con-
siderably less than the PI-18 Vertical samples and only 
slightly higher than the PI-2 Vertical samples (0.37, 0.45 
and 0.36, respectively). However, to compare the undis-
turbed samples at water contents equivalent to those of the 
PI-18 samples would require a confining stress three times 
greater, resulting in an undrained strength twice that of 
the PI-18 samples . 
As discussed in Chapter 6, the lower friction angles of 
the VEMA samples are due to the sensitivity of the illite 
and the tendency for the small diameter (6 . 4 cm) standard 
Piston corer to cause sample disturbance. The stress-strain 
Plots for these samples indicate similar behavior during 
I 
\ 
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compression and thus su~gest the samples were subjected to 
uniform or equivalent degrees of disturbance. 
On the other hand, it appears that the larger diameter 
(11.4 vs. 6.4 cm) Giant Piston Corer samples were not ap-
preciably disturbed, since the effective friction angle of 
the Long Lines series was quite high. Based on this data, 
it is concluded that samples taken with the Giant Piston 
Corer are of better quality than the samples from the stan-
dard piston corer. 
7.4 Smectite versus Illite Samples 
' 
Comparing the remolded vertically oriented smectite 
and illite samples, the smectite samples have larger fric-
tion angles (26% higher) and thus greater normalized drained 
strengths (50% higher). Excluding the PI-18 Vertical se-
ries, the undrained strengths of the smectite samples are 
greater than th e illi te samples (see Table 7. 2) . 
The most significant difference between the two ma-
terials is their susceptability to remolding and disturb-
ance. The friction angles of the smectites were apparently 
not influenced by remolding (see Table 7.1), while the il-
lite samples exhibited a significant reduction in friction 
angle. Thus, the strength properties of illite appear to 
be influenced strongly by the degree of disturbance and re-
molding (.remolded samples in this study were first com-
pletely homogenized and then reconsolidated in the Hole 
Closure tanks (see Section 2.8). If this hypothesis is 
correct, the transition sediments should have intermediate 
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friction angles between the remolded illite and the undis-
turbed or remolded smectite in a disturbed core. The se-
ries VEMA-32 400 cm was taken in the upper transition zone 
of PC-115. The friction angle of this series is 28.3 de-
grees, 5.6° higher than the VEMA-32 200 cm series and 7.2° 
less than the LL-44 GPC-3 samples. To support thishypothe-
sis, the vane shear measurements of GPC-3 indicate that the 
sensitivity decreases with depth. Thus, the sensitivity 
changes with changing sedimentary material, the illite hav-
ing the highest sensitivity and the smectite the lowest 
' (see Section 2.4). This statement assumes the disturbance 
due to the coring operation was uniform for the entire 
core. Similar trends in vane shear sensitivity were re-
ported by Lee and Hamilton (1974). 
7.5 Vertical versus Horizontal Samples 
Two remolded horizontally oriented sample series 
(smectite and illite) were tested in attempts to determine 
the effects of sample orientation on the shear strength be-
havior of the two sedimentary materials. In both series, 
the horizontally oriented samples exhibited lower friction 
angles and larger cohesion intercepts (Table 7.1). In 
terms of drained strength, the smectite samples appear to 
be influenced more by sample orientation (Table 7.2). The 
results from the undrained analysis are inconclusive. Fur-
ther testing is required to establish a definite quantita-
tive analysis of changing sample behavior due to sample 
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orientation. However, it can be stated that orientation 
has an effect upon the strength parameters. Also, it should 
be noted that anisotropy effects in the natural sediment 
column which was deposited at a very slow rate (approxi-
mately lmm/m.y.) are probably much different than in the 
laboratory reconstituted-reconsolidated samples. 
7.6 Hyperbolic Theory 
The hyperbolic stress-strain theory assumes a hyperbola 
can be used to approximate any experimental stress-strain 
curve. ~quation 5-12 represents the hyperbolic stress-
strain curve as a function of the initial Young's modulus 
and the ultimate deviator stress. To determine tangent 
Young's modulus, Equation 5-12 is differentiated with re-
spect to strain. Equation 5-17 is the final equation for 
the tangent modulus assumi~g a Mohr-Coulomb failure theory. 
Knowing six material property terms (c, ¢, Af' K, n, Rf)' 
the tangent modulus for any confining stress and deviatoric 
stress can be calculated . 
As discussed in Chapter 6, the hyperbolic theory models 
the stress-strain response of the two sedimentary materials 
very well. The hyperbolic theory is only applicable for 
stress-strain conditions prior to failure and therefore can-
not model strain softening . Also, the loading condtions 
used in the lab to determine the material parameters for the 
hyperbolic model should simulate the loading conditions ex-
pected in the field . 
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7.7 Poisson's Ratio 
From elastic theory, Po i sson's ratio has an upper 
bound of one-half and a lower bound of zero. However, 
drained triaxial tests on dilatant soils have resulted in 
Poisson ' s ratios greater than 0.5 (see Section 4.4). It is 
questionable whether or not soil can be considered an 
elastic material . Hardin (1978) states the purely elastic 
strains in clays are only measured during small amplitude 
cyclic loading. If elastic parameters are determined, they 
should only be determined in the "linear-elastic" range of 
' the stress-strain curves . 
In an undrained (no volume change condition) triaxial 
test, assuming small strain theory is adequate, Poisson's 
ratio should approach a vqlue of 0 . 5 . As discussed in 
Chapter 6, Poisson's ratios greater than 0.5 were calculated 
for several samples tested. As an example, the two samples 
LL-44 GPC-3 1845-1857 cm and 1859-1868 cm have Poisson's 
ratios greater than 0 . 5 at vertical strains exceeding 10%. 
If large strain theory were assumed (second order terms in-
eluded), the Poisson's r d tios at 15% vertical strain for 
these samples (0.62 and 0 . 58, respectively) would still ex-
ceed the theoretical values for no volume change conditi ons. 
The correction factor of 2/3 (to account for sample defor-
rnational shape) was included in the calculation of Poisson's 
ratio for these samples (see Section 4 . 5) . The assumed de-
formational shape of the samples during uniaxial compres-
sion remains the largest contributor to the erroneous values 
24'3. 
of Poisson's ratio. 
\ 
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Table 7.1 
Mohr-Coulomb Parameters: 
Cohesion Intercept and Friction Angle 
sample Series 
-
c 
(kg/cm2) 
Smectite 
LL-44, GPC-3, 1800 cm 0 . 016 
PS-9 Vertical 0.011 
PS-18 Vertical 0.009 
PS-18 Horizontal 0.025 
' 
MA- 02, GC-04, 200 cm 
MA-02,GC-04, 100 cm 
PI-18 Vertical 
PI-2 Vertical 
PI-2 Horizontal 
V-32 PC-115 200 cm 
V-32 PC-115 400 cm* 
Lee and Hamilton (1974) 
Illite (depth: upper 10 
Illite 
0 
0.031 
0.101 
0 . 013 
0.025 
0 . 041 
0 . 051 
meters) 0.018-0.034 
Smectite (depth: upper 
10 meters) 0.035-0.042 
Silva and Clukey (1975) 
Illite (depth: upper meter) 0 
0 
Noor any 
Pelagic Clay (Illite) 0 . 02 
*Transition: illite to smectite 
¢ 
degrees 
35.5 
37.3 
36.3 
33 . 4 
34.8 
33.0 
30.4 
24 . 6 
22.8 
22.9 
28 . 3 
35-36 
37-38 
34 
35 . 8 
32 
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Table 7.2 
Average Normalized Undrained 
and Drained Strengths 
Sample Series qfu/0c qfal0c Wf% 
LL-44 GPC-3 1800 cm 0.437 1. 404 154.3 
PS-9 Vertical 0.440 1. 573 125.5 
PS-18 Vertical 0.468 1. 468 109.2 
PS-18 Horizontal 0.460 1. 271 119.9 
MA-02 GC-04 
100 and 200 cm 0.374 1.312 87.0 
' V-32 PC-115 200 cm 0.316 0 . 704 72.4 
V-32 PC-115 400 cm 0.400 0.978 84.4 
·-
PI-18 Vertical 0.449 1.168 63.5 
PI-2 Vertical 0.362 0.766 71. 7 
PI-2 Horizontal 0.284 0.731 71. 9 
CHAPTER 8 
CONCLUSIONS 
1) Mohr-Coulomb parameters were determined for two 
sedimentary materials illite and smectite for bothremolded 
and undisturbed samples . 
2) Compared under the same conditions i . e. same water 
content or void ratio, the undisturbed samples have greater 
drained and undrained strengths. Friction angles for the 
smectite samples were not affected considerably by remold-
ing, bu\ the illite samples exhibited a sizeable reduction 
in friction angle after remolding and reconsolidation in a 
tank . 
3) Smectite samples had friction angles greater than 
the illite samples (neglecting the horizontally oriented 
samples). When compared at equivalent water contents, the 
smectite samples have greater drained and undrained 
strengths . The illite samples are affected more by dis-
turbance and remolding. 
4) The stress-strain properties of remolded samples 
are changed by sample orientation. In comparison to the 
vertically oriented samples, horizontal samples had smaller 
friction angles and larger cohesion intercepts. 
5) The hyperbolic stress-strain analysis may be used 
to model the two materials, illite and smectite. The hy-
perbolic theory is only applicable for stress-strain condi-
tions prior to failure and therefore cannot model strain 
softening . 
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6) Direct (on sample) measurement of lateral deforma-
tions have been made with a new lateral strain gauge. Cal-
culated Poisson's ratios are a function of the assumed de-
formational shape of the sample. Drained triaxial tests 
would provide a better method of determination. 
\ 
APPENDIX A 
CIU TRIAXIAL TESTING MANUAL 
\ 
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A.l Introduction 
The purpose of this manual is to guide users in the 
preparation, set-up and operation of a CIU (Consolidated 
Isotropically Undrained) triaxial test using the URI/MGL 
(Marine Geomechanics Lab) system located in the Civil En-
gineering Department of URI. Potential problem areas in 
the test procedures have been pointed out as well as im-
provements that have been made to the procedures. All 
equipment required to complete these procedures are listed 
in Section A. 2. Also included are brief instructions in 
' the use of the HP (Hewlett Packard) programs that have been 
developed by the author. These programs will greatly re-
duce the work involved in running the tests and performing 
calculations . It is assumed that the person using these 
directions has a basic understanding of soil mechanic 
principles and terminology, triaxial testing procedures and 
operation of the HP calculator and peripherals. These pro-
cedures apply to essentially saturated marine sediments 
whi ch have salt water in the pores. 
A.2 Equipment 
Special Equipment 
1) De-aerator 
2) Triaxial Cell 
3) Geo nor Sample 
4) Sample Cradle 
5} Membranes and 
0-rings 
6) Porous Stones 
7) Top Cap 
Stand 8} Lateral Strain Gauge 
9) Transducers 
10) Hewlett-Packard 9825A 
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General Equipment 
1) Dental Spatula 7) Assorted Wrenches 
2) Data Sheets 8) Silicon Spray 
3) Stopcrock Grease 9) Extrusion Piston 
4) Filter Paper 10) Wire Saw 
5) Water Content Tins 11) Oil and Oil Pump Can 
6) Timer 
A.3 Refer~nc~ Literature 
Bishop and Henkel (1962), "The Measurement of 
\ Soil Properties in the Triaxial Test". 
Lambe (1951), "Soil Testing for Engineers". 
Hewlett-Packard 9825A Desktop Computer (1976)-
Programming Manuals. 
A.4 Sample Set-up 
Procedures in this section include preparation of the 
sample, de-airing the cell manifold and setting the sample 
up in the triaxial cell . 
a) De-airing the Cell 
Pump saltwater into the de-aerator using the vacuum 
pump and opening the values to the water supply. After the 
de-aerator is 3/4 full, close the water supply valve and 
turn on the de-aerator while the vacuum pump is operating. 
When the water column is clear (no air bubbles present) the 
water is ready and the vacuum should be released from the 
chamber . 
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The 1/4 inch nylon tubing from the de-aerator is con-
nected to both the single pedestal drainage port (valve H) 
and the manifold (see value E, Figure A.l). As water flows 
through the lines tap the cell to dislodge any air bubbles. 
The nylon line remains connected to the manifold for later 
use. 
b) Sample Preparation 
The triaxial data sheets used for these tests have 
been formatted in such a way that if all the necessary in-
formatiqn is written on the sheets, no step in the proce-
dures will be omitted. Sample data sheets are presented in 
Section A. 11. Two sheets are needed for the sample set-up, 
the cover sheet and the sample sheet. 
Using a dental spatula, remove the end caps from the 
sample cylinder, coat the sides of the extruding piston 
with a thin film of silicon lubricant and then place the 
end of the sampling tube with the cutting edge on the top 
of the piston . With one continuous movement, push the sam-
ple cylinder down over the piston. The sample can now be 
transferred from the top of the piston to the sample cradle, 
by placing the cradle against the sample and then rotating 
them to a horizontal position. 
The sample ends are cut with a wire saw and water con-
tent samples are taken from the trimmings. For the final 
trimming, a spacer is used to push the sample into the 
cradle to obtain a 7 . 62 cm (3.0") sample . The water con-
tent samples and the sample and cradle are weighed immedi-
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ately. 
c) Completion of Sample Set-up 
To aid in placing the membranes and 0-rings on the 
sample, a Geonor sample stand is used (Figure A.2). This 
stand sits on the base of the triaxial cell and may be 
centered by observing the pedestal through the membrane 
stretcher . After the stand is in place, coat the sides of 
the pedestal and top cap with stopcock grease, place a por-
ous stone and filter paper cover on the end of the sample 
and tranffer the sample from the cradle onto the pedestal. 
A second filter paper and porous stone should be placed on 
the top of the sample . Nine 0 . 64 cm (1/4 inch) strips of 
wetted filter paper (Whatrnan ' s No . 54) are placed 0.64 cm 
(1/4 inch) apart around the perimeter of the sample. The 
strips should extend beyond the length of the sample and 
contact the porous stones at each end . 
Enclose the sample with two rubber membranes, the 
second should have a thin layer of stopcock grease applied 
to the inside . Both membranes should be trimmed level with 
the top cap before placing the 0-rings at each end of the 
sample . 
Top drainage can be used to decrease consolidation 
time and/or to measure pore pressure during consolidation 
when a back pressure is applied to the sample . The top 
drainage l i ne is a nylon line which is connected to the 
lexan top cap , wrapped around the sample (see Figure A.3), 
and threaded into the top drainage port of the cell base 
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(see Figure A.l). The top drainage line must be wrapped 
tight enough around the sample to allow the top of the cell 
to be lowered onto the base . 
If a lateral strain gauge clip is to be used, the fol-
lowing steps are required: 
1) Find the mid-height of the sample at two points 
diametrically opposite each other. It is better to locate 
these points over a filter strip, the strip will distribute 
some of the bearing stress. 
2) Using Eastman 910 epoxy, epoxy the metal tabs onto 
' the membranes at the selected points. 
3) Place the gauge around the sample and turn the 
gauge such that the lead wires wrap around the sample. 
4) Position the gauge on the sample(see Figure A.4) 
and deflect the gauge enough to allow the gauge to hang 
from the tabs (the gauge deflection must also allow for di-
ameter decrease due to consolidation). 
Before positioning the top of the cell on the base, 
several items should be checked. Insure that: 
1) the piston is clamped in position at the top of 
the cell, to assure that the sample is not damaged. 
2) the oil port is open to vent the air . 
3) the top of the cell is positioned so that the 
threaded hole for the vertical strain clamp is in front. 
4) the top drainage line and/or the lateral strain 
gauge lead wires will not be disturbed when the top of the 
cell is placed on the base . 
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After the top is in place, tighten the locking nuts and 
close the cell pressure valve . 
A. 5 Ceil Prepa~ation 
This section describes both connecting the drainage 
and pressure lines and the connection of the pore pressure 
transducers . It is very important to make wet connections 
in the following procedures, otherwise air will be trapped 
in the lines producing erroneous results. Wet connections 
are made by allowing fluid to flow through two fittings 
before ~oining them together . 
a) Filling the Cell Chamber 
When using salt water as a confining fluid, fill the 
cell chamber from the de-aerator by opening valves E and G 
(see Figure A. l) and allowing the fluid to enter through 
the top drainage port . If a top drainage line is in place, 
a line connecting valve C to the cell pressure valve (valve 
I) should be used (see Figure A.5). When using silicon oil 
as a confining fluid, pressurize the oil reservoir and con-
nect the nylon line from the reservoir to the cell pressure 
valve (valve I in Figure A.l). A layer of 10-30 motor oil 
on top of the cell fuild is used to lubricate the piston 
and prevent cell fluid leakage . Place the oil in the cell 
by using an oil pump can, attached to the oil port at the 
top of the cell. 
b) Pressure Transducers 
Two t ypes -of transducers are used in the lab; differ-
ential and absolute . The type of transducer used is a 
255. 
function of the desired consolidation pressure. The dif-
f erential transducers are used for confining stresses less 
than 0.56 kg/cm2 (8 psi). The two types of transducers re-
quire different methods of testing, line attachment and 
pore, cell or back pressure calculation. 
Note: Different electrical cables have 
been made for each transducer, be sure to match 
the cable to the transducer . Also, in all trans-
ducers, silicon oil should be entered into the 
ports using a plastic syringe, to prevent salt-
' water from corroding the transducer. 
Connect the absolute transducers (Dynisco: 0-100 PSI) 
to valve A on the manifold. The back pressure can be moni-
tored by opening valves Band D (see Section A.5 (C)). The 
cell pressure can be monitored by using the line from the 
cell pressure valve to valve C (see Figure A.5). When us-
ing the differential transducers, it is important not to 
exceed the maximum differential pressure of the transducer. 
Therefore, the differential transducers must always bemoni-
toring the cell and back pressure except during undrained 
conditions. Connect the cell pressure line to the high 
pressure port of the transducer (see Figure A.6) and the 
low pressure port connected to either valve A or B. 
c) Drainage Lines 
The drainage line to the burrettes must be free of air 
bubbles and is connected using a wet connection . Using an 
absolute transducer, ·connect the drainage line to valve B 
II 
I 
' 
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(Figure A.l). When using the differential transducers, the 
drainage line is connected to either valve A or B, depend-
ing upon which transducer is used . The back pressure is 
applied through the burrette system, therefore it is im-
portant to allow at least a 4-5 ml. decrease in volume for 
overconsolidated samples . Burrette readings should be 
taken as required on the data sheets. 
A.6 Line Pressures 
This section gives procedures used to set cell, back 
and con\ining pressures . It is possible and desirable in 
most cases to determine the pressures using the pressure 
transducer instead of the bourdon tube pressure gauge. 
Note: All valves on the panel should be 
checked to determine if they are in the correct 
position . 
a) Confining Pressure 
The sample confining stresses may be applied by either 
of two methods. For confining pressures less than 2 psi, 
the cell and back pressure reservoirs (15 and 16 on Figure 
A.7) may be adjusted to obtain a head differential. For 
applying pressures greater than 2 psi, the reservoirs re-
main at equal levels and the cell pressure regulator (see 
5 on Figure A.4) is adjusted to obtain the correct pressure. 
b) Back Pressure 
The back pressure is applied to the system by adjust-
ing the back pressure regulator (see · 6 on Figure A. 7). 
When using the static head confining pressure, a back pres-
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sure is applied to both sides of the system by turning the 
switching valve (see 13 on Figure A.7) to the right. When 
air pressure is used throughout, the cross-over valve (see 
4 on Figure A.7) should be positioned (turned to the left) 
to back pressure the system, increasing the pressure of 
both sides equally (some slight adjustment of the cell pres-
sure may be necessary) . 
c) Checking Pressures 
Using the HP calculator, scanner and voltmeter, it is 
possible to monitor the transducer output and obtain a 
\ 
reading directly in psi. This reading may be checked with 
the bourdon tube pressure gauge. Using this method, ac-
curate adjustment of all pressures is possible, eliminating 
the errors inherent in the pressure gauge. Enter the trans-
ducer scaling factors into the voltmeter via the front panel 
keys . Loading the special function keys will enable the 
user to obtain manual readings from the digital volt meter 
(DVM) (see HP operating manual). After the scaling factors 
have been entered: 
1. Load tape into the calculator. 
2 . Type in "trk O;ldk 12" and press EXEC key. 
The special function keys are now loaded . 
3. To obtain transducer output in volts, key 
in fl, f2, channel #, f6 . 
4. To obtain scaled output, key in fl, shift 
fO, channel #, f6 . 
5 . To take one reading, press key f5 . 
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6. To take multiple readings of one channel, 
key in shift f2. 
A. 7 Test Proc·edures 
This section covers the procedures used to first con-
solidate the sample, second apply a back pressure andthird 
check the sample response. 
a) Consolidation 
The sample consolidation is started by setting the 
correct cell pressure and recording the initial burrette 
readings . Open the drainage and cell pressure valves and 
\ 
record the change in volume with time as indicated on the 
data sheet. Care should be used, not to fill the burrettes 
to a level greater than the 10 ml. mark on the burrette. 
The consolidation pressure is applied in one load increment 
in most cases but may be applied in several increments if 
desired. 
b) Back Pressure 
As indicated in Section A.b (C), the back pressure is 
applied to both sides of the system . Steps of 10 psi per 
hour have been used successfully, to a final back pressure 
of 40 psi. Again care should be used not to allow the fluid 
level in the burrettes to fall below the 0 ml. mark. If a 
large drop in fluid level is noticed when applying the back 
pressure, air could be trapped in the lines or pressure 
transducer 
c) Response 
After a suitable time period under the maximum back 
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pressure, the sample pore pressure response should be 
checked . A program has been written for the HP to check 
the sample response using both absolute and differential 
transducers . This program requires the DVM and scanner to 
be operating and the pressure transducer plugged into chan-
nel 2 on the terminal box . Load the program, press RUN, 
enter sample I.D . and depth, enter the transducer constants 
(slope and intercept) and then close the drainage and cell 
pressure valves . Record the existing cell pressure with 
the pressure transducer and then the increased pressure . 
' When RECORD PORE PRESSURE is displayed, insure that the 
pore pressure .is being monitored by the pressure transducer. 
Press CONT key, allow one reading to be taken and then open 
the cell pressure valve . Readings are taken by the program 
every 10 seconds and the response at that time calculated 
(must press STOP key to stop the program) . If the response 
does not reach 95 percent in 2-3 minutes, it is possible 
that air is in the lines and appropriate procedures should 
be followed. 
A.8 HP Triax Program Preparation 
Several programs have been written for the HP to an-
alyze and plot triaxial test results . A flowchart of the 
overall progression of triaxial programs and data files is 
presented in Figure A. 8. Other programs such as water con-
tent and least square fit are avialable on the tape for 
general use. These programs are presented in A. 13, so that 
they may be referred to if problems develop . 
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This section describes how to: 1) prepare data files 
to store program data, 2) store the sample data and 3) run 
the programs . Three files, Heading, Sample and Test Data 
files, are discussed in this section and later sections of 
this manual . The three files contain information on the 
sample to be tested or on samples already tested. One im-
portant item which should be mentioned is the tapes used in 
the calculator. These tapes have two tracks (track 0 and 
1) which must not be confused. The operator must be con-
tinually aware of which track the calculator is using. It 
\ 
is possible to eliminate important data files if the incor-
rect track were used for recording or tape marking. All the 
programs and plotting output are stored on track 0 and all 
the sample data files are on track 1. 
a) Heading Program 
This program stores data, entered by the user, on two 
files. The first file ("Heading File") contains informa-
tion such as sample I.D., response of sample, initial 
length and diameter, etc. The second file ("Sample Data 
File") contains variables necessary to run the main triax 
program. 
Before running this program, fill out completely the 
sample summary sheet, so that the questions for the Heading 
program can be answered correctly . Also, the tape must be 
marked to store the data , 240 bytes for the Heading file 
(file 1) and 120 bytes for the Sample Data file (file 2) . 
Note: the Mark Tape program (track 0, file O) may be used 
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to mark the files on the tape . Mark a third file (3220 
bytes) at this time, for the storage of the transducer out-
put, which will be generated during the shear test. This 
file will be the "Test Data File" . From the tape , load the 
Heading Program, answer all the questions (see A.13) and 
store the data on track 1, the Heading data in the first 
data file (240 byte file) and the Sample data in the second 
file (120 byte file) . 
b) Write Heading Program 
This program loads the Heading data file from Section 
' A. B(a) and writes out the information in a standard format. 
To run this program, load the Write Heading program. When 
the program asks for the "File to be Loaded", enter the 
file number for the Heading file, the output will be 
printed on the line printer . 
c) Triax Real Time Program 
This program, records all transducer outputs, performs 
calculations and prints out the data while the test is in 
progress . The program continually monitors vertical strain 
and at every 0 . 2 percent strain takes readings on all trans-
ducers . Before running this program, the sample should be 
ready to shear with drainage lines closed (see section A.9 
(c)), all transducers plugged into the correct position and 
the p i ston seated on the top cap . 
The program which starts the main triax program is 
TRIAX . init . This program initializes the scanner and DVM 
to the ready state . Several questions will be asked and one 
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should respond by entering the appropriate information and 
pressing the CONT. key (see program in A.13). After the 
first reading, turn the press on and the program will con-
tinue until interrupted or 99 readings have been taken. The 
data should be recorded in the "Test Data File" after the 
program asks to record the data . 
A.9 Final Test Preparations 
This ' section outlines the final steps required before 
turning the processing over to the HP. 
a) Seating the Piston 
\ 
Place the cell on the press being careful not to pull 
on the nylon lines. The cell is raised using the coarse 
adjustment on the load press until the piston is in near 
contact with the top cap. From this point, the fine ad-
justment is used to raise the cell. While raising the cell, 
rotate the piston by hand to seat it properly on the top 
cap. The piston is seated when the load dial gauge in-
creases dramatically as the fine adjustment is turned. 
b) Transducers 
The transducers are required by the program to be in a 
definite sequence. The transducers should be plugged into 
the terminal box in the following order: 
Ghannel # Transducer 
0 Strain 
1 Load 
2 Pore Pressure 
3 Lateral Strain 
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c) Things to Check 
The following list contains items which are commonly 
forgotten and should be checked before the triax program is 
run . Check to see if: 
1) The transducer outputs are plugged in correctly 
and are operating . 
2) The special function keys have been erased. 
3) The piston clamp has been removed or moved to the 
top of the piston. 
4) The vertical strain clamp is positioned to avoid 
\ 
contact with the proving ring. 
5) All wires and tubes are free to move with the 
cell. 
6) Correct strain rate has been set on the press. 
7) Close drainage!!! 
A. 10 Plotting Test Data 
Now that the test data has been stored on tape, it is 
possible to retrieve this information at any time and rerun 
the calculations and obtain plots of the test parameters. 
The following Triax Plotting program is completely separate 
from the Real Time Triax program used to record the test 
data . 
a) This second triax program performs the same calcu-
lations as the first, however it stores plotting output on 
seven files (one plot per file) . Therefore, seven files of 
1620 bytes must be marked on the tape before this program 
may be run . Load the program, press RUN, the program will 
I . 
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ask that the file number of the Sample Data file and the 
Test Data file be entered into the program. Several other 
questions will be asked in reference to the track and files 
onto which the plotting output will be stored. After the 
first set of calculations have been completed, the program 
will stop and "ENTER TAPE" will appear in the display. 
Press the CONT key, the program will then proceed through 
the calculations seven times, recording a different set of 
parameters on tape each time . 
b) Plotting Program 
' This program loads the plotting output generated (see 
previous section) and plots the data with identifying la-
bels . Load "PLOT PROG", the program will ask for the file 
number for plotting . After the output has been loaded, the 
sample I.D . and consolidation pressure (in kg/cm2) should 
be entered. The program will also ask for the, X and Yaxis 
labels, the maximum and minimum X and Y values and the tic 
mark spacing . After plotting the grid and data points, the 
program will ask for the units for the X and Y labels. A 
special plot is produced when the CONT key is depressed in 
response to the question, "Consolidation Pressure?". Data 
will be plotted without asterisks and the program will ask 
for another file to be plotted on the same plot. This 
feature is used to plot the stress paths for several sam-
ples. 
The following list gives. the order in which the plots 
are stored in the seven files: 
File # 
1 
2 
3 
4 
5 
6 
7 
A.11 Summary 
Plot 
Pore Pressure Vs. Strain 
Dev . Stress vs. Strain 
q' vs. p' 
A-Factor vs . Strain 
Vert/Lat vs . Strain 
Lat . Strain vs . Vert . Strain 
Poisson's Ratio vs . Strain 
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Ho~efully the instructions in this manual will prove 
to be helpful and contain sufficient detail to avoid great 
confusion . If questions arise concerning the HP programs, 
the programs in section A. 13 should be reviewed . 
A. 12 Data She·e·ts (see attached) 
1) Cover Sheet 
2) Sample Data Sheet 
3) Consolidation Sheet 
4) Back Pressure and Response Sheet 
5) Sample Summary Sheet 
A.13 Computer Listing (see attached) 
11 
University of Rhode Island 
Dept. of Ocean Engineering 
Marine Geomechanics Lab. 
Sample 
De pth 
Project 
Sheet of 
TRIAXIAL TEST 
Date 
Tested by 
' Cell # 1 2 3 Type of Tes t : CI U CAU 
Top Drainage : Yes No Lateral Strain Measurement: Yes No 
Method: LSG: 
------
Pressure Transducer I.D. Constants 
WATER CONTENT 
LOCATION 
CONTAINER NO. 
WT. SAMPLE + TARE WET 
WT. SAMPLE + TARE DRY 
WT. OF WATER 
TARE WT. 
WT. OF DRY SOIL 
WATER CONTENT 
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I' 
Sample I.D.: 
Initial Length (cm): 
Initial Diameter (cm): 
Sample Volume (cm3): 
Weight of Tray (gm): 
Weight of Tray and Sample (gm): 
Weight of Sample (gm) : 
Bulk Density (gm/ cm3): 
\ 
# of Filter Strips: 
# of Membranes: 
Membrane Thickness (cm): 
Comments: 
Change in Sample Height: 
Sighting on: 
Initial Height Reading: 
Final Height Reading: 
Change in Height (cm) : 
Sketch Sample Below (after shearing) 
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Sheet of 
268. 
Sheet of 
Sample 
Sample Consolidation 
Date: Time Loaded: 
Cell Pressure: PSI MV MV : PSI 
Back Pressure: PSI MV MV:PSI 
----
Stress Increment: 
' 
Consolidation Pressure PSI kg / c m2 
Time Burette Reading (ml) Transducer Rd. (mv) Conv . mv :PSI 
min . ..Jmin. Left . Bur. Right Bur. 
0 0 
. 10 .32 
.25 .50 
. so . 71 
.75 .87 
l. 00 l. 00 
1.50 1.22 
2 . 00 1. 41 
3.00 l. 73 
4.00 2.0 
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Sheet of 
Samp le I.D.: Date: 
Sample Back Pressure Schedule 
Ti me Cell Pressure Back Pre ssure Burette Read ing 
PSI MV MV : PSI PSI MV MV : PSI Left Bur. Right Bu r. 
~ 
Sample Pore Pressure Res ponse 
Date: 
Befo r e Test: Cell Pressur e PS I MV MV:PSI 
---
Back Pressure PSI MV MV: PSI 
---
Ce ll Pressure after LIP PSI MV MV : PSI 
---
LIP 
Af ter Test : Cell Pressure PSI MV MV : PS I 
---
Back Pressure PSI MV MV:PSI 
---
Time Pore Pressure 
MV PSI 
0 
.5 
1. 0 
2.0 
3.0 
4.0 
% Response in minutes. 
Sample: 
Type of Test: 
Sample LD.: 
Date Tested: 
Consolidation Pressure (PSI): 
% Pore Press. Response 
\ 
Sheet of 
Summary Sheet 
Project: 
Depth : 
Tested by: 
Back Pressure (PSI) : 
in ____ minutes 
# filter strips: Membrane Modulus (tsf): 
Membrane Thickness (cm): 
Strain Rate (mm/min): 
Initial Diameter (cm): 
LI Vol. (cm3): LIH (cm) : 
Back Pressure Correction: 
XDCR Constants: 
Tape# Track # 
Initial w% 
Failure Criterion: 
<0 1 - 0 3)f 
Af 
( ol - 0 3lult 
Proving Ring #: 
% per hr.: 
Initial Length (cm) : 
LSG: 
-----
File # 
Other 
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Data 
0: "ResPons.e " : 
1 : di r·1 At[ 2 , 20 J 
2 : enr-• "So . ...-1 Plt- I . D.: " ,A$[ 1 J 
3 : e nt "Sor'IPle DeP t h " , At[ 2 J; Prt A$[ 2 J 
4: enP "X DCR const:sJ o pe " , r l 
5: enp " XDCI< const : i nt et·" ' r2 
6 : en t " En ter Dif f . XDCR ? Yes=l,No=0 " •Z 
7 : cl 1 'i ni t ' 
8 : ell 'dvr·, • ( 1,7 ) 
9 : dsP "Pres s CONT . to re co rd P " ; st P 
1(1 : c.11 ' sen!' ( 3 ) 
11: 3 ·'1i f xd 6 ;Pr t •st. ore' ( J , 'rdvM ' ) 
12 : rlrl-r 2 .;Bj f~1t, " P = " of6 .2• · P::i " ; "' " 16, Bi !+! • ! 
13 : d.;P "S o:·t. i nc re·as12d P; P n:·s.: C.O~~ T. ' s r P 
14: e ll ' scnl' C3 > 
15 : P rt 's t o re'Cl"rdv~1 ' ) 
16: fl'lt. " P+ " ,b, " P = " , f6.2, " Psi " i S.; ,1 
17: rld-r2+Ai wrt 16 ,,1,Ai !+1.;1 
18 : dsP " Record Po r e Pressu re " ;s t P 
19: w'i t 5000 lbeeP 
20 : ell 'scn1' ( 3 ) 
21 : c.11 'store' <I" rd""' ); rl t'l-r2.;c; f xd 2 ; Pt· t, c; if !=5 • C•D i I+l"'l 
22 : frrit. "Re-sp c1 nsi:·: " , f5 . 1, " ~·~ " 
2:3 : i f Z=0 l wn 16 , CC- )/ <A -B H'100 
24 : if Z= l ; wrt 1E,, CA- C>/ <A -B H.' 10 0 
25 : wo it 10000i J l'l P -5 
26 : e nd 
27 : " ini t" : 
2 8 : if P0=0; re· r~ ?; c 1 r 7 
29 : fr·1t 9, fi de v " c. Jk " ,70 :3 .;p8 , " c.tt·" ,725+p9, .. d vM '" 722 .;. p!0, " p r"•7 !5• P11 
30 : dev "sc.n " ,709•P!2, "scn! " , 710•P13· ' s cn2" • 7 1 1+P 14 , " s cn3" ,7 12.p!5 
31 : de v " s vM" • 724+P 16i 8 •P7 
32 : wtb PP7 ird ;: ( 7 ,p3, p4,p5 ) +P6 ir0 +2t ( P7-8 l bit ( 2, P5 J .. r0 il+p7•P7 
33 : i f P7 ( 17l•to - 1 
34 : wt. b "Pt r . 9 " ,27,69 
35: ret 
36 : " d•m" : 
37 : fMt 9 ,f i clr " d vN" i wrt " d vN . 9 " , " T3 " 
38 : if P l < 1 or P 1>5 j hP5i HP ! 
39 : if ~ 2 < 1 cir F=t 2 } 7 ;P5+2..,.P5; 7..,.P 2 
40 : if P3 <0 or p3 ) 1 i P5+4.;p5;0+P3 
41 : f M\. 9, " F " ' f z 1 . 0 , " F!' ' , f z 1 . t1, " H" , f z 1 . 0, " D" , f z 1 . 0 
4 2 : wrt " dvM.9" ,in t( p! ) ,int ( p2 ) ,in t ( ~·3! • int ( P4 ) 
43: re·t 
44: "sen!" : 
45: if ~ 0 = 0 i wt b ''scn,sc n1, s cn2,scr13'' ;c1 r 73 1; ret 
4 6 : fMt 9 , .. 0,1,2, 3 ,4 , 5,£, 7," ,z;f fi1t 8, f z 2 . 0 • z 
4 7 : wrt " s c.n• s c nl•sc n2 •scn 3. 9 " 
48 : if P0=0i ~' 9,f i i>J r t "scn.scn1.scn2.sc.n3 . 9"i r·e t 
4 9 : if PP 0 ) 3!9 jp0- l• P0 i• to -1 
50 : if PP 0 >23'3 iwrt "sc n3 .8 " ,pp0 - 240i Pl3 -1 • P0i• to - 2 
51 : if PP0 >159iwr t " s cn 2 . 8 " , p p0 -16B= •0 -1 ~PB i9 t D -3 
5 2 : if PP 0 >79i ~! r t. " ; .en ! . 8 " ' pp (l - 80 i P0 - 1"P0i 9t 0 -4 
5 3 : wr• "scn.8 ° 1PP0 iP 0- 1 .;P0 i ~ o -5 
54 : " rdv r~" : 
55: t r• " d vM" ifM t 9 , f ired " d vM .9 " , p l 
56: ret P 1 
57 : " storE·" : 
5 8 : P2if 1000• r P 1 
5 9 : ret r-- 2 
*4202 
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I 
(1: "TRIA X. init " : 
1 : cl 1 'in i t' 
2 : c 1 I 'd v.~ ' ( 1 , 7 ) 
,, . e n t, " L•~ter·o. l St1·0.1 c, Yes=l1tlo=0 " 1Z 
4 : dsP "Close dr o.ino-;ie vo. l ve ! ! 1 ! 1 " ; stP 
5: dsP "READY ! ! ! ; Pre·ss COtH HlLJ E t" j s p 
6 : ent "Lo ud File#? Abs=151D if =20 " ,fij l d ' R 
7: end 
8 : " 1ni t " : 
9: if P0=0; rel'• 7i c l r 7 
10 : f1·1 9, f ; d;:·\ • "c. l k " , 708 ..,r:i8, "c. t. r·", 725~r;.o;i, " d lJ1•1" , 722 ~ r:·!0, " p r", 7 15 ..,. r:•l 1 
11 : de ~· " :;;.c.n " , 709-tP121 " ~.en!" ,710-tr.· 131 " scn2 " •71 HP141 ":;:cn ·3" '712*r.•15 
12 : dev ":;: vM"1724~P16 : 8-t67 
13 : wtb pp7 j rcJs ( 71P31P41P5 ) -tp6jr0+ 2t ( P7 - 8 ) bit C2 1P5 1-tr0 ;1+P7 .. P7 
14: lf P7 ( !7j"3t0 -1 
15: •Jtb " p t r . 9 " 127 169 
16 : re t 
17 : "d vM " l 
18 : f r1t 9,fjclr "d•J M" ; •Jn "d •J 1·1. 9"1"T3 " 
1'"' i f Pl ( ! N P 1>5jJ,p5jJ-tp1 
2(1 : if P2 ( 1 or P2 ) 7jr.·5+2,r.·5 ; 7-1P2 
21: if p3 ( 0 or P 3 > t;r.• 5+Hp5j0~P3 
2 2 : f Nt 9' " F " ' f :: 1 - 0' "R" If z 1 . 0' " H" ' f z 1 . 0 ' "D "' f z 1 . 0 
2:3: "J rt " cJ v 1~ . 9 ·· , 1 nt ( P 1 ) , in t ( P2 ) , i nt ( P3 ) , int ( P4 J 
24: ret 
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0 : " TRI . RT . abs" : 
1 : d iM A[ l2.! J , 8 l!00, 4 J, C[2J 
2 : e n t " T t· a ck 0 or 1?" ,A itrk A 
3 : en t "Ent e r ti of f i l e to b E loaded"" , A 
4 : l d f A•Al+J 
5 : en t "Ent er LSG calibro.tion . " 1C[2 J 
6 : .4 5 4/2 , 5 41 2+C 
7 : A[ 2 , 1J+ C-> A[2 1 I J i A[ I• 1J+C+A[1, 1 J 
8 : Al 7, 1J- A[ 9 , 1 J-> D 
9 : ( ( 1fA[6 , I Jt2 / 4 ) A[ 7 , 1 J- A[8 ,1 ) ) / D.; E 
10: r< 4E / 1f H F 
11: Al 4, 1 )+2000* . 000488243.;fi[ 4 , I J 
12 : ff~t 1 l x o "STR " ' 17x , " P ", 14;: , " U", 7X• " A", 6 x , " P/ A" , 5 x • "V/ L" i wrt 6 
13 : D+ . 2 / l00 +Q 
14 : "count" : l+HHC[ 1 ) 
15 : if ! =1i9 tO "read in•s " 
16 : W+Q+IJ 
1 7 : wo.1 t 10000 ; c 11 ' sen 1 ' ( 1 ) ; cl 1 ' r d <' f·•' ( \.' ) 
18 : If Z= 9999i • tC• 58 
19 : f xd 3 i dsP "Sa1v1r.• l e ha.;, :=trained " • ~ r\1 - B[ 1.1 ] )/6 , 49t. / li ) HJ£1, " %" 
20 : i f (V-8[1.! J ) /6 .4 96 <1-JiJ~·,p -3 
21 : "read i n 91 " : for J = l to 4 
22 : e l l ' 1.cnl' ( J ) 
23 : f xd 6 ir.•rt ' arra y •(!,J,.rd v~1 ' ) 
<'4 : if J =li8[ r , JJ+rl 
25 : if I = I and J = 1 i 8[ I, J J+ r 1 7 
26 : if J =2 i8[!.JJ+r3 
2 : if I = I a nd J=2 i 8[ I , , I J+ ,-0 
2 8 : if ,1 =3i8[ J,JJ+ 10(10 .. ,-5 
29 : if Z= ~1 ; jf•1r.· 2 
30 : i f J =4 i 8 [ I , J H 100tH r 18 ; if I = 1; r 18 -t r 19 
31 : nE·x t ., 
32 : Cr1 -r 17 ) / 6 . 496 / D• l 0[ " r2 
3-;: : ( r3 - r0 )/9 , 299 • 96 . 95 + r 4 
34 : <r5•A[1 1•1J - A[12,!J+A[J0,!J )/ l4 . 22 -+r6 
35 : E/( !- r2 / 1£10 ) + r7 
36 : . 266+A[ 3, 1 ) / r7+ . 07030 7 -tf~ 
37 : if !=1i 0 -H'. 
38 : Al5 , 1 J/ F-tl 
39: C1+2 • Cr 2 / 100 ) -r (l / ( 1- r2 / 10B ll l • L+H 
40 : r4 / r 7 - CK+2HHr8 
4 1 : if ! =1 ; r 6,.r 16 
42 : rE.- r1 6+rl I 
43 : A[ 1 .! J-r l l " r ? 
4 4 : r8 + r 9" ,-10 
45 : c r10-1-9 ) / 2-.r12 
46 : ( rl 0+ r9) / 2+ r 13 
4 7 : .-J0/ t·9+r15 
48 : if I =1; 0~r1 4; JMP 2 
49: r 11/ r 8-.rl4 
50 : Cr18 - r19 ) +C[2J•2 . 5 4 / F+100 .; r D 
5 1 : 1f r 2 =0 i 0"r21; j"'p 2 
52: 2 / 3•r20 / r2+r21 
53 : fM t J, / , t x ,f 7 . 3 , 2x ,f6.2,2x ,f 7 . 3 ,6f 8 . 3 
54: f ~it 2•4 x 18f 9 . 3 
55 : wrt 6 . 1 , rl, r2, r3, r4, r5, r6, r7' t~s, r 15 
56: w rt 6. 2 ' ,-11, r 10' r9, r 12 • r 13, r 14, r20 , r 21 
57 : 1f I <99 i •to "coun t " 
5e : e nt "Record datai Trac~ 0 
59 : en1, "Ent E·r Ii of l·~=t filE 
60 : ent "StorE outr.out in file 
61 : if N<=Li d:=.r.· "I I! IJARHWG : 
62 : if N< =Li. 0 59 
63 : if N>Li r ef N• 8[ + J, C[ * J 
or l " "•Lit rk L 
C•n taP« " , Li t df L 
II':"' , ll 
You t"l~ Y b e wr1t1n• 
64 : ent "Data e ntere d correctl Y?•Y =l • N= 0 " •Z 
65 : if Z=0 i 9 tO 60 
66 : end 
6 7 : " sen ! " : 
6 8 : i f P0=0 i wtb "sc.n.scn1.scn2 . scn3" i c lr 731iret 
69 : ft"lt 9 , · 0 .i , 2 , 3, 4 ,5 , t,,7, · , z; f;·lt 8d z 2 . 0 • z 
70 : wrt " s cn•scn 1,scn2 1scn3 . 9 " 
71 : 1f p 0=0 i ft"lt 9 ,fh.1 rt " sc.n . scn l •scn2 ,scn3 .9" i ret 
72 : it PP 0 ) 3!9 iP0 - !+ r.o0i • to - ! 
73 : if PP0 ) 239 i wrt "scn3 . 8 " ,pp0 -240 iP0-1 +P0 i• to - 2 
74 : if PP 0 ) 159 i wr t "scn2 . 8 " ,pp0 -1 60 i r.o0- l +P0i • 1o - 3 
75 : if PP0 ) 79 i wrt " s c.ril . 8", pr..£1- 80 ;p0 - Hp0i '3 to -4 
76; wrt " s cn . 8" 1PP 0 ' r.o0 - 1-.P0 ;• to -5 
77 : " r dvr1" : 
78 : t r 'l "dv M" i fl"lt 9 , f ; red "d vM . 9 " oP1 
79 : ret r.•1 
80 : "ar r a y " : 
8 1 : P3+ 8[ P 1 oP 2 ) 
8 2 : re t P3 
o ve r f 1 1 E .s ! " ; =· t P 
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